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Abstract
The world-wide energy revolution from fossil to renewable energy, such as wind and solar energy,
has made greater demand on energy storage systems, which flatten the fluctuations of those energy
supplies caused by their intrinsic attributes. The scaled-up implementation of these energy storage
systems in power grids requires low cost and high energy density in these systems. The lithiumsulfur (Li-S) battery is one of the most promising systems that can meet the above requirements
owing to its high capacity (1672 mA h g-1) and energy density, as well as the low cost of sulfur.
Nevertheless, some hindrances are blocking Li-S batteries from practical application in the power
grid. The longevity of Li-S batteries is unsatisfactory due to the insulating nature of sulfur, the
dissolution of intermediate products, the volume expansion of the sulfur cathode, and the safety
issues of Li metal. To solve the above problems, countless conductive matrices (such as carbon)
have been explored to increase the sulfur utilization. The cathodes, separator, and anode have been
painstakingly designed to mitigate the shuttle effect caused by dissolved intermediates, and
various electrolytes have been proposed to either decrease the solubility of intermediates or build a
stable solid-electrolyte-interphase (SEI) on the anode. The lithiated sulfur cathode (Li2S) has been
investigated to develop a Li-ion sulfur battery with a Li-metal-free anode such as Si or graphite.
Based on these concerns, we have proposed different strategies to address different issues related
to Li-S batteries. Specifically, the synthesis of CoS2/Li2S aims to develop Li-metal-free Liion/sulfur batteries, circumventing the safety concerns related to Li metal. Defect-rich carbon
nanotubes (defect-rich CNT) were synthesized to mitigate the shuttling effect and to enhance the
reaction kinetics in the sulfur cathode. The exploration of low-concentration salt is a helpful way
to develop Li-S batteries with low cost and high stability.
A modified method that was employed to create and manipulate defects in CNTs, has been
introduced here to anchor polysulfides along with accelerating electrochemical reactions. As a
result, the defect-rich CNTs enabled dramatic improvement of both cycling and rate performance.
A specific capacity of 600 mAh g-1 with a current density of 0.5 C was achieved after 400 cycles,
and even at very high current density (at 5 C) a specific capacity of 434 mAh g-1 was observed.
Cycling stability up to 1000 cycles was also achieved under the conditions of high sulfur loading
and lean electrolyte. Theoretical calculations reveal that the improvement is mainly attributable to
the electronic structure of the defect-rich carbon, which has a higher binding energy with
polysulfide because of the upshift of the p-band centre. Furthermore, rotating disk electrode
(RDE) measurements demonstrated that defect-rich carbon led to improved kinetics of the sulfur
reduction reaction (SRR), accelerating the polysulfide conversion process and mitigating the
shuttling effect. This new design strategy could well be a starting point for a novel method to
develop carbon materials with good conductivity and high catalytic activity.
High-energy-density Li-S batteries have been impeded by low power rate and low sulfur
utilization of high-sulfur-loading cathode and unstable Li metal anode. Herein, we explored the
effect

of

low-concentration

lithium

bistrifluoromethanesulfonimide

(LiTFSI)

in

dimethoxyethane/1,3-dioxolane on the Li-S batteries. It was found that 0.5 M LiTFSI showed
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better cycling stability than the standard concentration of 1.0 M LiTFSI under the condition of
high sulfur loading. Systematic investigation revealed that the low-concentration of LiTFSI could
improve the performance of the cathode with high sulfur loading due to its better electrode
wettability. We also found that the low-concentration could improve the stability of the Lielectrolyte interface. The electrolyte with lower concentration could lead to the higher content of
organic component in the SEI of cycled Li metal anode, because more solvent could participate in
the build-up of the SEI by reduction to organic polymers. The flexible and elastic organic
components could be more capable of accommodating the large volume change in the Li metal
anode. Therefore, the low-concentration electrolyte could be more suitable for high-energy-density
Li-S batteries. We anticipate this research could provide some inspirations for the development of
high-energy-density and low-cost Li-S batteries.
Novel CoS2-decorated hollow carbon spheres (HCS) were first explored as a conductive matrix for
the Li2S cathode. Hollow carbon spheres (HCS) possess a strong tendency to physically absorb
and trap high-order lithium polysulfides, while the CoS2 can chemically bond with low-order
lithium polysulfides. Moreover, CoS2 has a catalytic effect that can reduce the energy barrier in
the first charge. In-situ synchrotron X-ray diffraction has clarified the catalytic mechanism of
CoS2 towards barrier reduction. CoS2 can boost the electrochemical reactions from Li2S to
polysulfide and act as a redox mediator, lowering the overpotential of Li 2S in the first charge
process, which results in less electrolyte decomposition, stable cycling performance, and higher
capacity. The data show that CoS2-decorated hollow carbon spheres have a higher initial specific
capacity and better capacity retention, with specific capacity of 831 mA h g-1 and capacity
retention of 79.5% after 100 cycles, which is much better than the performance of hollow carbon
spheres (Li2S-HCS) alone. The core-shell Si@C||Li2S-HCS/CoS2 full cell showed a specific
capacity of 650 mA h g-1 and a capacity retention of 65% after 50 cycles at an average voltage of
1.6 V, with low electrolyte to sulfur (E/S) and anode to cathode (A/C) ratios.
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Brunauer-Emmett-Teller
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CNF

Carbon nanofibers

cm

Centimeter

CB

Carbon black
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Chemical vapour deposition
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Cyclic voltammetry
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Coulombic efficiency
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1,2-Dimethoxyethane
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Three-dimensional

D-CNT

Defect-rich Carbon nanotubes
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Energy dispersive X-ray spectroscopy

FEC

Fluoroethylene carbonate

FETEM

Field emission transmission electron microscopy

FTIR

Fourier transform infrared spectroscopy
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Graphene oxide sponge

GNAs

Nanoplatelet aggregates
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Graphene oxide

G

Graphene

G4

Tetraglyme

HNG

Highly nitridated graphene

HCF

Hollow carbon nanofibers

HFE

Hydrofluoroether

HCS

Hollow carbon sphere

Li2S-CoS2/HCS

Li2S-CoS2/hollow carbon sphere composite

LiTFSI

Bis(trifluoromethane)sulfonimide lithium salt

LAGP

Li1.5Al0.5Ge1.5(PO4)3

LISBs

Li2S-based Li-ion/sulfur batteries

LSBs

Conventional Li-S batteries

LiEt3BH

Lithium triethylborohydride

MS

Mass spectrometry

MC

Microporous carbon

MCMB

Mesophase carbon micro beads
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NMR

Nuclear magnetic resonance

N,P-C

Nitrogen and phosphorus codoped porous carbon

PPy

Polypyrrole

PVP

Polyvinylpyrrolidone

PEO

Polyethylene oxide

RF

Resorcinol-formaldehyde resin

SEI

Solid electrolyte interphase

SEM

Scanning electron microscopy

Si-O-C

Silicon-oxygen-carbon anode

SEM

Scanning electron microscopy

STEM

Scanning transmission electron microscopy

TTE

Hydrofluorinated ether

THF

Tetrahydrofuran

TBPT

Tributylphenyltin

TFSA

Bis(trifluoromethanesulfonyl)amide

TGA

Thermogravimetric analysis

TEM

Transmission electron microscopy

XPS

X‑ray photoelectron spectroscopy

XRD

X-ray diffraction

XANES

X-ray absorption near edge structure spectroscopy
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Chapter 1
INTRODUCTION
1.1 General background
With our great consumption of fossil energy and increasing environmental pollution, the issues
related to the energy crisis and environmental protection have attracted intensive attention
worldwide. The development of renewable energy (solar energy, wind energy) has become
essential to partly or completely replace the fossil fuels, relieving the energy crisis and mitigating
the constant exacerbation of global warming.[1] Renewable energy, however, is intermittent with
weather or time, resulting in an unstable energy supply. Suitable energy storage technology is
required to stabilize the energy supply. The battery is considered to be the most convenient energy
storage technology because the conversion between chemical energy and electric energy is highly
efficient and facile. Currently, the most successfully commercial type of battery, lithium-ion
batteries, have dominated the market in various fields such as portable electronic devices, electric
vehicles and smart electricity grids.[2] The current Li-ion batteries employ layered transition metal
(Ni, Co, Mn) oxide as the cathode and graphite as the anode. Nevertheless, Ni and Co resources
are unevenly distributed on the earth as well as being scarce. In particular, the mining of Co has
raised some ethical problems in Africa. The difficulty in mining and the shortage of these
elements have led to high costs for Li-ion batteries. In addition, the energy density of current Liion batteries has reached a limit. Low energy density and high cost are impeding the large-scale
application in grid-scale energy storage systems.[3-4] Therefore, higher-energy-density and more
accessible batteries should be developed to meet the increasing demands. Batteries based on the
conversion reaction offer a more promising future than the current Li-ion batteries based on
intercalation reaction, owing to their higher energy density and lower cost.[5]
As one type of the conversion-reaction based batteries, the lithium-sulfur battery has attracted the
intensive attention of researchers because of the high theoretical specific capacity (1675 mAh g -1)
of sulfur and its high energy density (2600 Wh kg-1), significantly higher than those of current Liion batteries (200 mAh g-1, 360 Wh kg-1).[6] More importantly, the cost of the lithium-sulfur
battery is much lower than for the conventional lithium-ion battery due to the great abundance of
sulfur on earth. Surfur is also environmentally benign and nontoxic. Therefore, the Li-S battery is
the one of the most promising candidates for next-generation energy storage systems in power
grids, as well as in electric cars.[1] The full development of Li-S batteries will definitely lead to
higher efficiency in the utilization of renewable energy, forming a more sustainable energy system
for our society.
Although great advantages can be predicted for Li-S batteries, there still are some tough
challenges impeding their commercial application. Unlike the intercalation process in the
conventional lithium-ion battery, the reaction in the lithium-sulfur battery is a chemical
transformation through 16Li + S8 → 8Li2S, which can provide high specific capacity. The typical
structure of a Li-S cell is shown in Figure 1.1, in which a lithium metal anode, electrolyte, and
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sulfur composite cathode are included.[5] This electrochemical energy storage device realizes
energy storage and conversion through the electrochemical reaction between sulfur and Li metal.
Normally, sulfur is used as the original active material in the cathode. Since sulfur is in the
charged state, the operation of the battery starts with discharge. In the discharge process, the
lithium anode will lose electrons to produce Li+ that will migrate to the cathode in the electrolyte.
Meanwhile, the sulfur in the cathode will grab Li + and electrons to form Li2S. Electrical energy
will be released via the flow of electrons in the external circuit. The reactions during discharge are
given below:
Negative electrode, anode reaction:
2Li → 2Li+ + 2e-

(1.1)

Positive electrode, cathode reaction:
S + 2Li+ + 2e- → Li2S

(1.2)

Overall reaction
2Li + S → Li2S

(1.3)

The sulfur atoms show a strong tendency towards catenation, forming long homoatomic chains as
intermediate products. During the discharge of the Li-S battery, the cyclo-S8 molecular ring will
open, producing high-order lithium polysulfides, Li2Sx (6 < x < 8). With continuation of the
discharge, low-order lithium polysulfides Li2Sx (2 < x ≤ 6) will form.[7]
A tough challenge related to Li-S batteries is the shuttle effect caused by the dissolution of
polysulfides in the electrolyte. On the one hand, the dissolved polysulfides will shuttle between the
cathode and the anode during the charge-discharge process, as shown in Figure 1.1b, resulting in
low energy efficiency. On the other hand, the polysulfides may potentially corrode the surface of
the Li metal anode at high concentration, decreasing the stability of the anode. In addition, the
dissolved sulfur element is not highly reversible and will gradually be lost during the battery
operation, causing capacity fading. Therefore, the shuttle effect has multiple adverse effects on the
performance of the Li-S battery. The second problem faced by Li-S batteries is their poor
electronic and ionic conductivity, which leads to poor rate capability and low utilization of the
active material in the sulfur cathode. Thirdly, the relatively large volume variation during
operation of sulfur cathode can deteriorate the electrode structure, making active materials
inaccessible to electrons or lithium ions. The densities of sulfur and Li2S are 2.07 g cm-3 and 1.66
cm-3, respectively. Therefore, 80% volume expansion and shrinkage will constantly alternate and
result in irreversible change to the electrode structure. The last challenge relates to the safety
concerns and the stability of the Li-electrolyte interface. The lithium anode has a strong tendency
to form dendritic morphology on the surface during charge and discharge of the battery. The
dendrites thus formed can potentially pierce the separator and short-circuit the battery, causing
thermal runaway and possible explosion. In addition, the Li metal can constantly react with the
electrolyte because of the high reactivity of the Li metal, resulting in severe consumption of Li
metal and great loss of capacity.
In order to realize the practical application of the Li-S batteries, we must address these challenges
from the following perspectives. First, the conductivity of the cathode needs to be enhanced to
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increase the utilization of sulfur. A highly conductive matrix can be introduced into the cathode to
achieve this goal. Secondly, the shuttle effect must be suppressed to increase the cycling stability
and energy efficiency. Modifications to the cathode, separator, electrolyte, and anode can be made
to inhibit the polysulfide shuttle. Thirdly, volume change during operation need to be addressed.
Adopting a porous material or void-containing sulfur composites can accommodate the volume
expansion. Lastly, the safety concerns and interfacial corrosion of Li metal should be impeded.
Interlayer engineering, the development of Li2S cathode, and electrolyte modification may be
efficient ways to address the issues related to Li metal.[6] In this thesis, we mainly focus on the
improvement of the safety and stability of the Li-S batteries. Specifically, defect-rich carbon
nanotubes (defect-rich CNTs) were developed as a conductive matrix for more stable and
powerful Li-S batteries. In addition, we also clarify the effect of low-concentration electrolyte on
the Li-S batteries, aiming to develop more affordable and stable Li-S batteries. Furthermore, we
have developed a Li2S-CoS2/hollow carbon sphere (Li2S-CoS2/HCS) cathode material for Limetal-free Li-ion/sulfur batteries (LISBs), targeting the safety concerns about conventional Li-S
batteries (LSBs)

Figure 1.1 Schematic illustration of the Li-S cell configuration (a) and the shuttle mechanism in the Li-S
batteries (b).[7]

1.2 The objectives of this work
In this doctoral work, the main goal was to enhance the safety and stability of the Li-S
batteries by developing advanced Li2S cathodes, exploring novel conductive matrices,
developing more effective electrolytes, etc. In the first section of the research, a novel carbon
material was investigated as a conductive matrix for Li-S batteries. The carbon materials can
improve both the cycling performance and the rate capability of Li-S batteries. In the second
section of the research, low-concentration electrolyte was studied to reduce the cost and to
improve the cycling performance of the Li-S batteries. Finally, Li2S-CoS2/HCS cathode was
developed to improve the Li-metal-free Li-S batteries, addressing the safety issues related to
Li metal. Various characterizations such as ex-situ and in-situ X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to facilitate the research.
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1.3 Outline of the thesis
The scope of this doctoral work consists of seven chapters, which are briefly described as
followings:
Chapter 1 gives general information on the background, main challenges, and research content of
this doctoral work, and an outline of this study.
Chapter 2 is a literature review on the Li-S batteries, which contains the research background for
Li-S batteries, their working mechanism, and the research status of conventional Li-S batteries and
Li2S-based Li-ion/sulfur batteries.
Chapter 3 consists of the experimental information, which consists of all the chemicals and their
corresponding suppliers in the research, and the characterization techniques applied to the
materials.
Chapter 4 demonstrates a novel carbon material as a conductive matrix for Li-S batteries. A
modified method, employed to create and manipulate defects in carbon nanotubes (CNT), has
been introduced here to anchor polysulfides and accelerate electrochemical reactions. As a result,
the defect-rich CNT enabled dramatic improvement in both cycling and rate performance. A
specific capacity of 600 mAh g-1 with a current density of 0.5 C was achieved after 400 cycles,
and even at very high current density (5 C), a specific capacity of 434 mAh g-1 was observed.
Cycling stability up to 1000 cycles was also achieved under the conditions of high sulfur loading
and lean electrolyte. The theoretical calculations revealed that the improvement is mainly
attributable to the electronic structure of defect-rich carbon, which has higher binding energy with
polysulfide because of the upshift of the p-band centre. Furthermore, rotating disk electrode (RDE)
measurements demonstrated that defect-rich carbon offers improved kinetics of sulfur reduction
reaction (SRR), accelerating the polysulfide conversion process and mitigating the shuttling effect.
This new design strategy could be the starting point for a novel method to develop carbon
materials with good conductivity and high catalytic activity.
Chapter 5 explores the effect of low-concentration lithium bistrifluoromethanesulfonimide
(LiTFSI) in DME/DOL on the Li-S batteries. It was found that 0.5 M LiTFSI showed better
cycling stability than the standard concentration of 1.0 M LiTFSI under the condition of high
sulfur loading. Systematic investigations revealed that the low concentration of LiTFSI could
improve the performance of the cathode with high sulfur loading due to its better wettability
towards the electrode. We also found that the low-concentration electrolyte could improve the
stability of the Li-electrolyte interface. The electrolyte with lower concentration could lead to a
higher content of the organic component in the solid-electrolyte interphase (SEI) of cycled Li
metal anode, because more solvent could participate in the build-up of the SEI by reduction to
organic polymers. The flexible and elastic organic components could be more capable of
accommodating the large volume changes in the Li metal anode. Therefore, the low-concentration
electrolyte could be more suitable for high-energy-density Li-S batteries.
Chapter 6 aims to improve the performance of Li2S cathode for Li-ion/sulfur batteries. To achieve
this goal, CoS2-decorated hollow carbon spheres (HCS) were synthesized as a conductive matrix
for the Li2S cathode. Hollow carbon spheres (HCS) possess a strong tendency to physically absorb
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and trap high-order lithium polysulfides, while the CoS2 can chemically bond with low-order
lithium polysulfides. Moreover, CoS2 has a catalytic effect that can reduce the energy barrier in
the first charge. In-situ synchrotron X-ray diffraction has clarified the catalytic mechanism of
CoS2 towards barrier reduction. CoS2 can boost the electrochemical reactions from Li2S to
polysulfide and act as a redox mediator, lowering the overpotential of Li 2S in the first charge
process, thus resulting in less electrolyte decomposition, stable cycling performance, and higher
capacity. The data show that CoS2-decorated hollow carbon spheres have a higher initial specific
capacity and better capacity retention, with specific capacity of 831 mA h g-1 and capacity
retention of 79.5% after 100 cycles, which is much better than the performance of hollow carbon
spheres (Li2S-HCS) alone. The core-shell Si@C||Li2S-HCS/CoS2 full cell showed a specific
capacity of 650 mA h g-1 and a capacity retention of 65% after 50 cycles at an average voltage of
1.6 V with low electrolyte to sulfur (E/S) and anode to cathode (A/C) ratios.
Chapter 7 provides a summarized conclusion to this thesis, including the primary achievements,
the outlooks for the future research and scientific inspiration for the development of Li-S batteries.
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Chapter 2
LITERATURE REVIEW
As discussed above, the practical application of Li-S batteries faces several challenges. In this
chapter, details of these challenges and recent progress on solutions to the problems are
summarized. The solutions will be reviewed based on the cathode, electrolyte, separator, anode,
and other related aspects. Because of the differences between the two different Li-S batteries
(conventional Li-S batteries and Li2S-based Li-ion/S batteries), they are separately discussed in
terms of the challenges and the corresponding solutions.

2.1 Working principle of the two kinds of Li-S batteries
The conventional Li-S batteries contain sulfur as the cathode material and lithium metal as the
anode material with 1.0 M LiTFSI and 0.1 M LiNO3 in dimethoxyethane/dioxolane (DME/DOL)
as electrolyte, as shown in the Figure 2.1a. The operation of the batteries starts with the discharge
process. In the charge-discharge process, Li-S batteries will experience a multi-step and multielectron electrochemical reaction on the positive sulfur electrode (Figure 2.1b),[8] a process which
is always accompanied by a polysulfide complex.[7] Specifically, the multi-step electrochemical
reactions in the positive electrode are detailed in the following Equations:
S8 (s) + 2e- ↔ S82S8 + 2e ↔

(2.1)

S62-

(2.2)

S62- + 2e- ↔ S42-

(2.3)

2-

-

S4 + 2e + 4Li ↔ 2Li2S2 (s)

(2.4)

Li2S2 (s) + 2e + 2Li ↔ 2Li2S (s)

(2.5)

2-

-

+

-

+

On the anode side, there is alternating stripping and deposition Li on the surface of the Li metal
anode during discharge and charge of the batteries, as shown in the Equation (2.6).
Li+ + 2e- ↔ Li (s)

(2.6)

The Li2S-based Li-ion/S batteries uses Li2S (lithiated sulfur) as positive electrode and an Li-metalfree anode as the negative electrode with the same electrolyte as in the conventional sulfur-based
Li-S batteries, as shown in the Figure 2.1c, circumventing the use of an Li metal anode due to
safety concerns.[9-10] Operation of Li2S-based batteries begin with the charge process.
Nevertheless, the initial charge process is different from the subsequent ones. In the initial charge
process, Li2S will be directly oxidized to elemental sulfur via a solid-to-solid electrochemical
reaction, as shown as following equation:[11-12]
8Li2S (s) + 16e- ↔ S8 (s)

(2.7)

A typical plot for Li2S-based Li-S batteries in the initial charge is shown in Figure 2.1d.[13] From
Li2S to S8, no intermediate product forms. The solid-to-solid transformation of Li2S to S8 will lead
to a high overpotential in the first charge because the Li ions need to overcome a high energy
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barrier to be extracted from the Li2S. After the initial charge, the Li2S-based Li-ion/S batteries will
experience the same electrochemical reaction, namely, a solid-liquid-solid process, as that
occurring in the conventional Li-S batteries in the subsequent charge-discharge processes.[14]

Figure 2.1 The cell configuration (a) and typical charge-discharge plot (b) of a conventional Li-S battery.[7,
15]

The cell configuration (c) and typical discharge plot (d) of a Li2S-based Li-ion/sulfur battery.[14-15]

Unlike the conventional Li-S batteries, the electrochemical reaction on the anode side (Si, Sn or
Ge) of Li2S-based Li-ion/S batteries is the deintercalation and intercalation of Li ions, as shown in
the following equation:
M (Si, Sn, or Ge) + xe + xLi+ ↔ LixM

(2.8)

During the lithiation and delithiation in the cathode and anode, Li+ in the electrolyte,
simultaneously, migrates between the two electrodes to provide an internal current flow and
constant Li+ source for the electrode reaction. In a collaborative process on the anode and cathode,
and in the electrolyte, the Li-S batteries can store and release energy as a device.

2.2 Research status of conventional Li-S batteries (LSBs)
23

As mentioned above, the practical application of conventional Li-S batteries is impeded by some
tough problems, as shown in Figure 2.2. In this part, more details of these problems will be given
based on reviews of published papers, facilitating a comprehensive understanding of the
challenges for the conventional Li-S batteries.

Figure 2.2 The problems of conventional Li-S batteries.[16]

2.2.1 Problems of the conventional Li-S batteries
2.2.1.1 Poor conductivity of sulfur element material
As the active material for the cathode electrode in the conventional Li-S batteries, the poor
electronic and ionic conductivity of sulfur imposes a big detrimental effect on the performance of
Li-S batteries. The electronic conductivity of sulfur is as low as 5 × 10-23 S∙cm-1 at room
temperature,[17] which results in low utilization of sulfur during the operation of the battery and
retards the development of high-energy-density Li-S batteries. In addition, the insulating
properties of sulfur leads to poor rate capability of Li-S batteries, disabling the development of
high-power-density Li-S batteries. The poor conductivity of sulfur cathode must be well addressed
if Li-S batteries are going to be brought into practical application for electric vehicles or other
forms of transportation.[18] In past decades, the academic community spent much efforts and
adopted various strategies to increase the conductivity of the positive sulfur electrode.[15] The
typical strategies, such as using the compositions of sulfur and porous carbon, will be introduced
in a later part.[19]

2.2.1.2 Shuttle effect
The shuttle effect is a serious problem in Li-S batteries. A great many studies have been conducted
to address this challenge. The shuttle effect, as mentioned above, is caused by the migration of
polysulfides dissolved in the ether solvent during the charge-discharge process.[16] Actually, the
dissolved polysulfides can facilitate the conversion reaction because the liquid polysulfides are
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more accessible to the electrons and Li ions in this electrochemical reaction.[20] Nevertheless, the
dissolved high-order polysulfides can diffuse to the anode from the cathode, where they are
transformed to low-order ones by reaction with the Li metal anode. The low-order polysulfides
can diffuse back to the cathode, converting to high-order polysulfides that can diffuse to the anode
again. An illustration of the shuttle process is shown in Figure 2.2.[16] In this case, the polysulfide
migration can loop like a shuttle between the cathode and the anode, after which, the “shuttle
effect” was named. The shuttle process will accelerate the loss of active materials and degrade the
capacity in the cycling process, as the dissolved polysulfides are only poorly reversible.[21] The
researchers have employed many methods to inhibit or prevent this process from happening from
various perspectives, including confining polysulfides in the porous carbon, anchoring
polysulfides by chemical binding, and building a blocking film on the separator. A detailed
discussion of these strategies will be given in a later part.

2.2.1.3 Volume expansion
Volume expansion of the cathode electrode exists in all types of Li-ion or Li-metal batteries. The
volume expansion of sulfur cathode, however, is relatively large in comparison with that in the
transition metal oxide cathodes (the cathode materials widely used in the current commercial Liion batteries). 80 % volume expansion and shrinkage can take place during the lithiation and
delithiation of the sulfur cathode, which will dramatically degrade the electrode structure during
the cycling.[22] The irreversible changes to the electrode structure will result in cracks in the
electrode, with constantly increasing inaccessibility of the active material to electrons and Li ions,
causing capacity fade and degrading the electrode’s mechanical properties.[23] There are some
effective methods that have been developed to address this issue, which will be reviewed later.

2.2.1.4 The safety and stability issues of Li metal anode
Sulfur is a lithium-element-free cathode material, which has to be coupled with an Li-elementcontaining anode material to generate an energy storage device. The Li metal anode is the most
appropriate candidate for this device because it has the most negative potential and is a rich
lithium source. The lithium metal anode, however, has two prominent challenges that have been
annoying the scientific community for a long time.[24] The first one relates to the notorious lithium
dendrites that grow during the deposition of Li metal, which represent a great risk, because they
can pierce through the separator and short-circuit the battery, producing thermal runaway and
explosions. The second one is the constant reaction between the Li metal anode and the electrolyte
components during the charge-discharge process, consuming both Li metal and electrolyte until
one of them is completely depleted. These two challenges are so intractable that many years of
effort devoted to these problems still led to unsatisfactory progress. In a later part, the theoretical
knowledge and strategies based on our knowledge of this issue will be reviewed, providing a
comprehensive understanding of this topic.

2.2.2 Strategies to solve these problems
In this part, various solutions to the above-mentioned problems will be reviewed based on the
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reports in published papers, including improvement of the conductivity of the cathode electrode,
inhibition of the shuttle effect, relief of the volume expansion, and protection of the Li metal
anode.

2.2.2.1 Strategies to increase the conductivity of the cathode electrode.
The most promising way to use sulfur is the encapsulation of sulfur in the conductive matrix
because of the insulating properties of sulfur. Currently, porous and high-surface-area carbon and
conductive polymers are considered to be the most appropriate conductive additives for sulfur
cathode.[25-26] Nevertheless, carbon materials and conductive polymers are used for different
structure designs of cathode materials. Specifically, carbon materials are normally used as a
conductive matrix, while conductive polymers are frequently as a coating layer on the sulfur.

Figure 2.3 (a) Schematic illustration of sulfur/CMK-3 composite and its corresponding electrochemical
performance.[27] (b) TEM image of porous hollow carbon@sulfur and its corresponding electrochemical
performance.[28]

Carbons are the most common materials used for a conductive matrix to enhance the utilization of
insulating sulfur. Carbon materials have several advantages as conductive additives. First, it is
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simple to prepare porous and high-surface-area carbon materials, which can effectively facilitate
the electrochemical reactions. In addition, carbon material is very cheap and abundant in nature.
Most importantly, the carbon material can provide a satisfactory conductivity for the sulfur
cathode.
Porous carbon was early explored for Li-S batteries. Ji et al. first proposed sulfur-mesoporouscarbon composite for Li-S batteries.[27] The sulfur was incorporated in the ordered mesoporous
carbon, CMK-3, by a melt-diffusion process, as shown in Figure 2.3a. CMK-3 has a high
conductivity, narrow mesopores (3 nm) and interconnected porous structure. The sulfur/CMK-3
composite showed a high reversible capacity with good efficiency (Figure 2.3a). Jayaprakash et
al. adopted a sulfur-evaporation route to infuse sulfur into porous hollow carbon, achieving 70
wt% active material in the S/C composite.[28] The carbon shell acted as a protective layer
inhibiting the diffusion of polysulfides and the shuttle effect. Meanwhile, the porosity of carbon
shell enabled fast Li+ transport. The porous hollow carbon@sulfur composite provided a long
cycle life and high reversible capacity (Figure 2.3b). Furthermore, Zhang et al. reported a doubleshelled hollow carbon spheres@sulfur composite that was synthesized using hollow SiO2 spheres
as hard templates.[29] The double shells may reduce the redox accessibility of the encapsulated
sulfur as compared with single-shelled hollow carbon spheres. These studies validated that porous
carbon presented improved electrochemical performance in Li-S batteries.
In addition, Nano-structure carbon materials were also explored. Peng et al. reported a hollow
graphene nanoshell which was promising to solve the problem of non-conductive sulfur.[30] With
this composite acting as the cathode material, 91% of the sulfur is accessible at the 0.1 C rate in
the initial discharge. A reversible capacity of 419 mAh g-1 and stable Coulombic efficiency of 95
% were achieved without the addition of LiNO3 after 1000 cycles at the 1.0 C rate. Another
sulfur/graphene nanocomposite material was reported for high-capacity Li-S batteries by Wang et
al.[31] The high conductivity and the physical buffer to the volume expansion of sulfur/graphene
nanocomposite material endowed the Li-S battery with high capacity and satisfactory cycling
performance. The initial capacity reached as high as 1580 mAh g-1 and the capacity still remained
above 900 mAh g-1 after 100 cycles at the current density of 0.05 C. Carbon nanotubes (CNTs) are
also an excellent conductor, which is quite properly used as a conductive matrix for Li-S batteries.
Dorfler et al. reported a sulfur/vertically aligned CNT (sulfur/VACNT) composite.[32] The
VACNT was synthesized on its metal support by the chemical vapour deposition (CVD) method
(Figure 2.4a), which, consequently, had high conductivity and mechanical stability. The Li-S
battery delivered a high specific capacity of 1310 mAh g-1 and presented good cycling
performance. Hybrid composited CNT and graphene were also reported for improved cathodes,
which could maximise the performance of the sulfur cathode by optimizing the ratio of CNT to
graphene and the structures of both these materials.[33] Meanwhile, CNT can be also modified to
enhance its ability to absorb or catalyse polysulfides by surface modification or doping with other
element. For instance, Gueon et al. and Shi et al. developed CeO2-coated CNT and nitrogen-doped
CNT to improve the cycling performance of Li-S batteries.[34-35] (Figure 2.4b,c) Jeong et al.
synthesized unzipped CNT as defect-rich carbon materials to increase the life span of Li-S
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batteries.[36] (Figure 2.4d)

Figure 2.4 (a) The synthesis of VACNT and sulfur/VACNT composite.[32] (b) The schematic illustration of
CeO2-coated CNT.[34] (c) The schematic illustration of nitrogen-doped CNT.[35] (d) The schematic illustration
of unzipped CNT with rich defects.[36]

Apart from the single porous carbon materials, hybrid carbon composites were also explored to
enhance the conductivity of the cathode. The hybrid composites were prepared by mixing porous
carbon with carbon nanotubes (CNT) or carbon nanofibers (CNF).[37-38] In this kind of composite,
the one-dimensional (1D) carbon material (CNT, CNF) can effectively enhance the conductivity,
while the porous carbon can immobilize the polysulfides. To achieve practical application, an
abundance of accessible pore volume is essential to ensure that the majority of the sulfur is
impregnated into the carbon pores. At the same time, the 1D carbon material can enhance the
accessibility of the sulfur to electrons.
Compared with carbon materials, conductive polymers are less used as conductive additives in the
Li-S batteries, because their conductivity is lower than carbon materials. Nevertheless, one
advantage of the conductive polymer is that the polymers can be tailored to achieve good contact
with the active material because of their flexibility and bendability, forming core (sulfur) /shell
(conductive polymer) structures. The core-shell structure can offer fast ion and electron
transportation. Meanwhile, the functional groups of the polymer can effectively absorb
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polysulfides, inhibiting the shuttle effect.

Figure 2.5 The synthesis of S-PPy and the corresponding electrochemical performance of S-PPy.[39]

The first sulfur/conductive polymer composite was introduced by Wang et al., who synthesized
polycrylonitrile (PAN)/sublimed sulfur at about 300 oC.[40] Following this, many efforts has
targeted the synthesis of sulfur/conductive polymer composites to enhance the core-shell structure.
Aumugam et al. reported several sulfur-polypyrrole (PPy) composites as cathode materials for LiS batteries (Figure 2.5).[39, 41] They revealed that the polypyrrole shell acted as a stable interface
between the liquid electrolyte and the polysulfide species, allowing the accessibility to ions and
charges as well as sequestering the lithium polysulfide preventing its escape. This demonstrates
that sulfur/conductive polymer composites are viable methods to improve the conductivity of the
cathode and thus enhance the sulfur utilization.
Except the ex-situ conductive polymers in sulfur cathodes, In-situ formation of conducting
polymer on sulfur particles was demonstrated by Wu et al.,[42] who generated a robust core-shell
structure with sulfur in the core and polythiophene as the shell. This composite ensured a highly
conductive network and effective confinement of polysulfides, thus achieving improved cycling
performance and good rate capability in the Li-S batteries. The initial discharge capacity reached
1119.3 mAh g-1 and the capacity retention was 74 % after 80 cycles, which was much better than
that of a pure sulfur electrode. In addition to core-shell structures, conductive polymer can also be
used to construct CNT or CNF-like structures. Xiao et al. reported self-assembled polyaniline
nanotubes for enhanced sulfur encapsulation.[43] The electropositive groups were capable of
reducing the diffusion of lithium polysulfides because of the electrostatic forces between the
groups and the polysulfide ions. Thus, the long-term cycling performance was dramatically
improved.
Although the conductive polymers have stronger polysulfide-trapping capability than the
chemically inert carbon, their low conductivity may limit the ability of the conductive polymer to
improve the utilization of sulfur and the power capability. In general, they may not make sense in

29

practical application of Li-S batteries.

2.2.2.2 Inhibition of the shuttle effect
As mentioned in the introduction, the shuttle effect originates from the dissolution of lithium
polysulfide. The lithium polysulfide, as an electrochemically active material, can migrate between
the cathode and the anode, reacting with the lithium anode directly and resulting in both the
corrosion of lithium metal and the loss of active material, as well as a low Coulombic efficiency.
Many researchers have targeted solution for inhibition of the shuttle effect, including analysis of
the fundamental mechanism, rational design of the cathode,[44] and modification of the
separator,[45] and addition of additives into the electrolyte.
(1). Fundamental mechanism of the shuttle effect
The mechanism of the polysulfide shuttle was particularly investigated in the early years.[46]
Mikhaylik and Akridge derived the shuttle equation to evaluate the degree of shuttle behaviour
and reveal the key factors of the shuttle effect. Mikhaylik et al. proposed that high polysulfide (SH)
can be produced on the positive electrode and exhausted on the lithium anode. Thus, he proposed
the following equation to describe the change in polysulfide with time during the charge process
𝑑𝑆𝐻
𝑑𝑡

=

𝐼

- 𝐾𝑠 𝑆𝐻

𝑞𝐻

(2.9)

𝑆𝐻 is an amount or concentration of high order polysulfides normalized to the cell volume or
surface, t is time, and I is the charge current normalized to a certain surface or volume. 𝑞𝐻 is a
constant for high order polysulfide that is related to the high voltage plateau, and 𝐾𝑠 is the shuttle
constant.
After integration and definition of the initial conditions for Equation (2.9), the charge-shuttle
equation is obtained as follows
𝑆𝐻 =

𝐼𝑐
𝑘𝑠 𝑞𝐻

(1 - 𝑒 −𝑘𝑡𝑐 )

(2.10)

where k is Boltzmann’s constant. Based on the charge-shuttle equation, the charge-shuttle factor
(𝑓𝑐 ) can be derived
𝑓𝑐 =

𝑘𝑠 𝑞𝐻 ∙𝑆𝑡𝑜𝑡𝑎𝑙
𝐼𝑐

(2.11)

𝑠𝑡𝑜𝑡𝑎𝑙 represents the total sulfur amount or concentration in the whole cell, which is equal to the
initial sulfur amount in the cathode before cell operation, Ic is the charge current. 𝑓𝑐 can be used to
identify whether the charge process will be endless, as shown in Figure 2.6. Based on the
equations, a simple experimental method for shuttle constant estimation was developed,
𝑑𝑄𝐻
𝑑𝐼𝑐

=

𝐼
𝑘𝑠

(2.12)

where 𝑄𝐻 is the practical capacity in the high plateau. It indicates that the first derivative of the
high plateau is linear with respect to the reciprocal value of the shuttle constant.
Mikhaylik et al. then carried on an investigation into the relationship of the discharge capacity to
the discharge current. The good fitting of experimental data to the theoretical curve indicates that
the proposed model here is reasonable. Subsequently, Mikhaylik et al. obtained many important
parameters such as the rate of self-discharge and self-heating, based on which, strategies can be
developed to prevent the shuttle effect.
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Figure 2.6 (a) Simulated charge profiles at different ksqHStotal/Ic factors, (b) Experimental charge profiles at
different currents for cell with 1.85 m LiN(CF3SO2)2 : (1) 20 mA, fc = 4; (2) 50 mA, fc= 1.6; (3) 100 mA, fc
= 0.8; (4) 200 mA, fc = 0.4; (5) 400 mA, fc = 0.2.[46]

(2) Strategies to prevent the shuttle effect
The shuttle effect is extremely detrimental to the cycling performance of Li-S batteries and limits
the practical specific capacity of sulfur cathodes. To prevent polysulfide, from diffusing to the
anode and reacting with the lithium metal, LiNO3 is often added into the electrolyte to passivate
the surface of the lithium, reducing the charge-shuttle factor. LiNO3 is an effective additive for
suppressing the detrimental shuttle effect. Nitrate ions have a double influences, enabling them to
achieve this goal.[47] On the one hand, they are gradually reduced on the surface of the lithium
anode. On the other hand, the nitrate ion can act as an oxidant for 𝑆𝑛2− , forming LixSO4. Both these
two species can pronouncedly enhance the passivation of the negative electrode, impeding the
chemical reaction of polysulfides on the lithium anode.
In comparison to introducing an additive into the electrolyte, more researchers adopted welldesigned carbon materials as the matrix for the sulfur cathode, with the aim of reducing the
polysulfide concentration in the electrolyte. Mesoporous carbon can dramatically improve the
performance of sulfur cathode because the mesopores within the carbon material can provide
reservoirs to trap polysulfides (Figure 2.7a).[48] It was reported that microporous carbons have a
strong confinement effect on low molecular sulfur, causing increased potential hysteresis during
charge-discharge processes.[49-50] The sulfur impregnated into micropores can be only fully
discharged at a cut-off potential of 1.0 V vs. Li/Li+. Xin and co-workers proposed that the
polysulfide ion was devoid of solvent because of the similar size of a micropore to that of a
polysulfide, leading to a quasi-solid-state reaction of sulfur under solvent-deficient conditions,
thus resulting in a consequent large potential hysteresis in the charge-discharge process. (Figure
2.7a).[50]
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Figure 2.7 (a) The synthesis method for sulfur/microporous carbon and its corresponding electrochemical
performance. The charge-discharge plots (left) show a dramatic increased potential hysteresis in comparison
with the typical one, which is attributed to the quasi-solid-state reaction.[49] (b) Visualization of polysulfide
entrapment experiments for Carbon and Carbon/MnO2 during discharge and the corresponding
electrochemical performance of Carbon/MnO2 in Li-S batteries.[51]

Physical confinement of polysulfides is not efficient enough to block their diffusion because the
physical interaction, generally produced by physical absorption, is weak. Therefore, scientists
have suggested that chemical interaction, provided by static electricity and chemical bonds
between the polar polysulfides and polar absorbents, should be more effective to confine
polysulfides. Xiao and co-workers adopted a chemical approach to polysulfide confinement
(Figure 2.7b).[51] They impregnated MnO2 nanosheets in graphene oxide (GO) and achieved
excellent cycling performance (Figure 2.7b). Through X-ray photoelectron spectroscopy (XPS),
they revealed that thiosulfate group were first deposited on the surfaces of MnO2 nanosheets by
oxidation of initially formed polysulfide. The thiosulfate could act as a transfer mediator to anchor
the polysulfides and convert them to “lower” polysulfides. In addition, Chen-Yu and co-workers
used polymer to trap polysulfides.[52] Quinonoid imine-doped graphene is capable of anchoring
polysulfides and facilitating the formation of Li2S through the reversible chemical transition
between the protonated state (-NH+=) and the deprotonated state (-N=). This strategy decreased
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the shuttle current and enhanced the redox kinetics of the electrochemical reaction. Apart from
adding external absorbents to the electrode, modification of carbon materials can also increase the
polarity. Chen et al. doped the carbon material with N and P elements to synthesize a dual-doped
carbon material. They revealed that the doping increased the intrinsic polarity of the carbon so as
to immobilize polysulfides via chemical bonds. Apart from the ones mentioned above, many other
materials, such as TiN, CoS2, and Ti4O7, have also been reported to possess the ability to
chemically bind polysulfides and mitigate their dissolution.[53-55]
In addition to the design of cathode materials, the design or modification of electrolyte is also an
effective strategy to mitigate or eradicate the shuttle effect.[56] Li et al. applied carbonate-based
electrolyte in Li-S batteries.[57] It was reported that the polysulfides were not dissolved in
carbonate-based electrolyte, so that no shuttle effect existed. In this system, the cyclo-S8 will
directly be reduced to Li2S without the formation of intermediate polysulfides. Cheng et al.
proposed the concept of sparingly solvating electrolyte in which the polysulfides will be less
soluble.[58] They believed that this electrolyte offered the key factors needed to realize the longlife, high-energy-density Li-S batteries for practical application. In addition, design rules to aid in
the search for such qualifying electrolytes were also given to accelerate their development. A year
later, Lee et al. discovered a novel solvent, acetonitrile-hydrofluorinated ether (ACN-TTE), which
featured weak solvation for polysulfides.[59] They found that the reaction pathway was different
from that in the conventional ether-based solvent. Consequently, good stability at high temperature
was acquired and comparable capacity was achieved in this electrolyte to its ether-based
counterpart. Compared with liquid electrolyte, the solid-state electrolytes are a more powerful
solution to eliminate the shuttle effect because the solid-state electrolyte offers no solvation for
polysulfides and can provide strong mechanical stability to block diffusion of polysulfides. For
instance, an inorganic solid-state electrolyte, Li1.5Al0.5Ge1.5(PO4)3 (LAGP), was explored for Li-S
batteries by Wen et al.[60] The Coulombic efficiency remained at 100 % during cell operation,
indicating the effective prevention of the shuttle effect.
In addition, modification of the separator can also mitigate the shuttle effect. Huang et al.
introduced a kind of ion selective membrane on the separator. The coated separator with a
membrane that contained rich sulfonate-ended perfluoroalkyl ether groups to resist the migration
of polysulfides through the separator by electrostatic force. The membrane enabled excellent
cycling stability with a low decay rate of 0.08 % and a high Coulombic efficiency of 95.6% over
500 cycles.[45] Conder and his co-workers grafted Li+-substituted polystyrenesulfonate (g-PLiSS)
on porous polypropylene (PP) commercial separator to form PP-g-PLiSS and assessed their
practical applicability for Li-S batteries.[61] They found that the modified separator was conducive
to a higher Coulombic efficiency and enhanced cycling stability compared to the state-of-art
−

commercial separator. They further revealed that the Li-exchange-site (-SO3 ) concentration was
essential to suppress the shuttle effect. Recently, a review paper has been published summarizing
the research progress on modified separators for mitigation of the shuttle effect in Li-S
batteries.[16]
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2.2.2.3 Relief of volume expansion

Figure 2.8 (a) Schematic illustration of the synthesis of yolk-shell sulfur@TiO2 and corresponding TEM
images.[62] (b) Schematic illustration of the synthesis method for polyaniline−sulfur core−shell structure and
corresponding SEM image with the particle size distribution.[63]

The volume expansion of active material during cycling will degrade the mechanical stability of
the electrode, hence causing capacity fading. Zhi et al. demonstrated a design for a yolk-shell
nanostructure with sulfur as yolk and TiO2 as shell (Figure 2.8a), in which a void between the
yolk and the shell can accommodate the volume expansion of the active material during
discharge.[62] Simultaneously, the TiO2 shell can prevent the dissolution and diffusion of
polysulfides to the anode. The designed material composite showed excellent cycling performance
with as low as 0.033% capacity decay rate per cycle. After a year, Weidong et al. reported another
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carbon-sulfur yolk-shell composite obtained through heating vulcanization of a polyaniline−sulfur
core−shell structure without leaching of sulfur (Figure 2.8b).[63] Compared with its sulfurpolyaniline core-shell counterparts, this material with its yolk-shell structure showed more stable
capacity with 765 mAh g-1 after 200 cycles. The excellent electrochemical performance was
attributable to its ability to accommodate volume expansion and suppress the shuttle effect.
Subsequently, San et al. developed an encapsulated sulfur electrode in which the sulfur was
confined in carbon nanotubes.[64] The carbon nanotubes were well aligned. This design can address
all the issues related to sulfur electrode: (1) The openness of tubes can buffer the volume
expansion; (2) The good alignment of carbon nanotubes will ensure a good conductive network;
and (3) The excellent confinement of sulfur within the carbon nanotubes will effectively suppress
the dissolution of polysulfides. The designed material showed excellent rate capability and cycling
performance. It still delivered high capacity even after 1000 cycles. The voids introduced in the
cathode material accommodates the volume expansion, improving the cyclability of Li-S batteries.

2.2.2.4 Protection of the Li metal anode
The safety issues related to lithium anode have been intensively studied since the advent of lithium
batteries. This is mainly because the lithium anode is considered the ultimate anode material for
lithium batteries, such as Li-S and Li-O2 batteries, which have the highest energy density among
the current energy storage systems.[65] In this part, the formation mechanism for lithium dendrites
is briefly introduced and the strategies to protect Li metal are concisely summarized.
(1) Formation mechanism of lithium dendrite
The safety issues for lithium anode are induced by lithium dendrites during stripping/plating of
lithium metal. The lithium dendrites can penetrate through the separator to cause a short-circuit,
leading to explosion or spontaneous combustion. Therefore, there have been enormous number of
studies on the lithium anode that were aimed at preventing the growth of lithium dendrites or
supressing the penetration of lithium dendrites through the separator.[66-67]
Several models have been developed to explain the cause of the lithium dendrites. The
deposition/dissolution model was initially proposed by Yamaki et al.[68] This model can be
described as follows (Figure 2.9):
(1) Lithium ions are brought from the electrolyte to the surface of the lithium under the influence
of the external power supply and deposited on the surface underneath the SEI.
(2) Lithium deposition is not uniform across the surface due to the non-uniform concentration of
Li+ and Li-ion conductivity.
(3) Stress within the lithium metal is created under the SEI because of the uneven deposition of
lithium, which will deform the lithium anode and limit the lithium transport.
(4) Ultimately, the SEI will be broken by the continuous deposition of lithium on hotspots.
Subsequently, lithium dendrites will be formed.
Based on deposition/dissolution model, many other models, such as the SEI model, the charge
induced growth model, and the phase field model have been developed.[69-71] These models aim to
describe the growth of lithium dendrites thermodynamically and dynamically.
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Guided by the theoretical knowledge, several methods including interface modification and
manufacture of 3D pore structure, have been proposed to suppress lithium dendrites and to
stabilize the Li-electrolyte interface. Many materials, such as graphene, Li3PO4, polymers, and
Li3N, have been utilized to coat the surface of lithium metal to suppress lithium dendrite (Figure
2.10).[72-74] It was proved that these materials could effectively modify the properties of lithium
metal anode, hence improving its electrochemical performance.

Figure 2.9 Growth process of lithium dendrites.[68]

Along with modification of the interface of lithium metal, designing 3D structures to tune the
surface energy and guide the growth of lithium deposition is another important strategy to
suppress the lithium dendrites. The surface energy of lithium metal can be manipulated by
interlayer or structural design.
Chi et al. inserted a ZrO2/POSS multilayer, where POSS is polyhedral oligomeric silsesquioxane,
between the lithium anode and the polyethylene (PE) separator.[75] The 3D interlayer can weaken
the solvation effect of lithium ions and improve the take-up of electrolyte into separator,
enhancing the ionic conductivity of the electrolyte. 3D porous lithium metal was also prepared to
suppress lithium dendrites. Liu et al. infused melted lithium metal into a polymeric matrix to
obtain nano-porous lithium anode.[76] The prepared anode could enable uniform lithium
stripping/plating, and, as a result, suppress the growth of lithium dendrites. Similarly, Liang et al.
synthesized a 3D porous anode by infusing melted lithium metal into a 3D porous carbon
matrix.[66] The composite had increased conductivity and was capable of suppressing dendrite
growth. Yu et al. employed cellulose-based film as an interlayer to reduce the dendrite formation
on Li metal anode (Figure 2.11).[77] The cellulose-based interlayer had rich nanofibers and
nanopores, which could ensure the uniform and safe plating of Li metal anode. Nevertheless, the
3D porous lithium metal had larger reaction area for side reactions, and the interlayer alone would
not be enough to eradicate the Li dendrites. Other strategies are required to couple with those
mentioned above.
Therefore, modification of electrolyte may be a more promising way of optimizing the interface.
The Li-electrolyte interface can be optimized by electrolyte additives or components during
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operation of the battery. Therefore, this method can lead to in-situ modification of interface. Ionic
liquid is an effective substance for tuning the SEI layer because of its properties of nonflammability,

high

vapour

pressure,

and

good

ionic

conductivity.

Pyrrolidinium

bis(trifluoromethanesulfonyl) imide (PYR14TFSI) has proved to be effective for the modification
of SEI morphology, thus improving the stability of the interface and suppressing lithium
dendrites.[56,

78]

In addition, lithium nitrate and lithium polysulfide have a synergistic effect

towards the stabilization of the lithium anode surface, which can enable the formation of a
pancake-like morphology for the SEI on the surface of lithium anode.[79] Ding et al. adopted an
electrolyte containing Cs+ and found that Cs+ had a strong ability to suppress lithium dendrites.
Ding et al. proposed a mechanism, the “self-healing electrostatic shield”, to explain the effect of
Cs+ towards the suppression of lithium dendrites.[69] In addition to ionic liquid and additives, dualsalt electrolyte can also play an important role in the inhibition of the lithium dendrites. It was
demonstrated that the Li(N(SO2F)2) (LiFSI)-LiTFSI/DOL-DME electrolyte system was capable of
forming a good film on the surface of lithium metal to stabilize the SEI.[80] Lu et al. explored the
role of LiF as an additive in the electrolyte on the Li metal anode by optimizing the content of
LiF.[81] It was found that 30 % LiF could reduce the dendrite morphology after the Li metal was
cycled. They proposed that the presence of LiF enhanced the mobility of Li ions on the surface of
the Li metal, facilitating its uniform deposition.

Figure 2.10 Schematic illustration of Li3N layer on the Li metal anode and the corresponding
electrochemical performance of Li-S batteries with the Li3N-coated Li metal as anode.[74]

Apart from the prevention of Li dendrites, stabilizing the Li-electrolyte interface is also an equally
important topic. Actually, Li dendrite formation is highly relevant to the stability of the Li-
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electrolyte interface. Therefore, here we will give just two studies on how to stabilize the Lielectrolyte interface. Solid-electrolyte-interphase (SEI) is the interface formed from the reaction
between the electrolyte and the Li metal anode during the deposition and stripping of Li metal,
which determines the interfacial stability and morphology. The SEI thus can be optimized by
modification of the electrolyte components. As mentioned above, LiNO 3 can stabilize the SEI by
changing the SEI components.[82] Fluoroethylene carbonate (FEC) is able to make the SEI more
robust by a forming LiF. The addition of cyclic ester vinylene carbonate (VC) to the electrolyte
can result in more polymer component in the SEI, making the interface more elastic for volume
expansion/shrinkage.[83] Several review papers have summarized the strategies of stabilizing the
Li-electrolyte interface.[84-85]

Figure 2.11 Cellulose-based film as an interlayer for the Li metal anode, and corresponding electrochemical
performance of Li-Li symmetric cells (left) and Li-S batteries (right) with and without the cellulose-based
interlayer.[77]

2.3 Research status of Li2S-based Li-ion/sulfur batteries (LISBs)
In this part, the problems and the research progress of LISBs are reviewed. Several important
aspects of LISBs, including physicochemical properties of the Li2S, Li2S cathode material
composites, LISBs full batteries, and electrolyte for the Li2S cathode, are extensively summarized.
In particular, we have fundamentally analysed the activation barrier in the initial charge process
and discussed the mechanism in detail based on the previous reports.

2.3.1 The problems of Li2S-based Li-ion/sulfur batteries
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Compared with the conventional Li-S batteries, Li2S-based Li-ion/sulfur batteries has many
similar problems to conventional Li-S batteries. Nevertheless, it has unique problem of its own. In
the following, the shared problems of conventional Li-S batteries and Li2S-based Li-ion/sulfur
batteries and the unique problem of its own will be introduced.

2.3.1.1 The high overpotential of Li2S cathode

Figure 2.12 (a) Initial potential barrier of Li2S cathode material at C/8, C/50, C/200, and C/1000. (b)
Relationship between the current rate and the overpotential of Li2S cathode. (c) The model for the initial
charging of Li2S.[13]

Because of the poor ionic and electronic conductivity, Li2S will experience a high energy barrier
in the initial charge process of Li2S due to the high resistance to charge transfer at the interface
between Li2S cathode and the electrolyte. The high overpotential will lead to electrolyte
decomposition and poor cycling performance as well as low energy efficiency. Various strategies
have been explored to address this high over-potential issue.
Yuan et al. first investigated the mechanism behind the activation energy. [86] It was revealed that
the high overpotential originated from the large resistance to charge transfer between Li 2S and the
electrolyte by applying different current densities (Figure 2.12a,b). Because of the extremely low
lithium ion conductivity, the mobility of Li+ in the solid Li2S is very sluggish, making the
difficulty in the deintercalation of Li+ from Li2S. Yuan et al. called the transformation from Li2S to
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polysulfide the “nucleation of polysulfide” (Figure 2.12c). They believe that the nucleation
process for polysulfides is the main cause for the high activation energy. Specifically, the surface
of the Li2S particle is difficult to transform to polysulfide because of the huge difference between
the solid Li2S and the electrolyte. Therefore, the nucleation of polysulfide can take place only
when the voltage reaches a certain potential, which is similar to the case of LiFePO 4 with obvious
overpotential voltage during the initial nucleation stage.[87] To confirm whether their hypothesis
was correct or not, Yuan et al. added some polysulfide to the electrolyte to act as a source of
polysulfide nuclei. As a result, the high overpotential voltage disappeared, implying that the
hypothesis is convincing. Contrary to the above hypothesis, Liang et al. found that Li2S is directly
transformed to elemental sulfur in the initial charge process without formation of polysulfide by in
situ and operando X‑ray absorption spectroscopy (XPS). [12] In addition, Guoqiang et al.’s results,
from in situ synchrotron high energy X-ray diffraction (XRD) and ex situ X-ray absorption near
edge structure spectroscopy (XANES), led to the same results as those concluded by Liang et al.
because no polysulfides were tracked.[88] Moreover, the S appeared immediately with the
disappearance of Li2S in the first charging process. Interestingly, Yongjo et al. analysed the
charging barrier at the beginning of charging, believing that this barrier comes from contaminants
on the surface and can be eliminated by cleaning the surface. [89] The overpotential still exists,
however, and needs to be overcome by a high cut-off voltage. The paradox shown by previous
researches signals that a different and more complicated charging mechanism of Li 2S may exist,
and further investigation are required.

2.3.1.2 The poor electronic and ionic conductivity of Li2S
Li2S is a typical alkali-metal sulfide that possesses a face-centred cubic (fcc) antifluorite (antiCaF2) crystal structure with the space group 𝑂ℎ5 Fm3m and group number 225. In the antifluorite
structure, the S2- anions form an fcc lattice, and the Li+ cations form a cubic lattice.[90-91] Within the
structure, each S2- anion is coordinated with eight Li+ cations and each Li+ is surrounded by four
S2- anions, producing large cavities in the crystal structure. [10, 92] Similar to all other antifluoritestructured materials, Li2S has the properties of high melting and boiling point, high enthalpy of
formation, a wide band gap, high solubility in polar solvents and low density.
Because of the nature of its crystal structure, Li2S is an electronic insulator. After an extensive
search, we failed to find any experimental band-gap measurements for Li2S. Fortunately, some
papers have reported the band gap for Li2S based on theoretical calculations. R. D. Eithiraj et al.
showed that the indirect bandgap of Li2S is 1.822 eV through first-principles calculations.[92] They
revealed that the size of the Li+ ion is a factor that is partly responsible for the low electronic
conductivity. Later, Yuriy Malozovsky predicted the electronic and transport properties of Li 2S by
an ab-initio method.[91] He showed that the calculated indirect band gap is 3.723 eV at 10 K.
Moreover, Li2S also has very low Li+ ionic conductivity. Through a first-principles study of the
mechanism of Li+ transport in Li2S crystal, Kim.et al. concluded that the transport of Li+ mainly
occurs through the diffusion of positively charged lithium vacancies, while the relatively sluggish
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Li+ mobility is attributed to the low concentration of these lithium vacancies. [93] The poor ionic
conductivity of Li+ can result in large voltage polarization in the first charge process, which will
be discussed later. In order to enhance the Li+ conductivity in Li2S material, Simon et al. carried
out experimental research on the behaviour of its ionic conductivity over a wide range of
temperature.[94] They found three regimes for the behaviour of ionic conductivity. In regime Ⅰ,
Frenkel cation disorder will dominate the concentration of charge carriers, as expected. In regime
Ⅱ, the extrinsic dopant is the key factor for the concentration of the charge carriers. In regime Ⅲ,
the ionic charge carriers will be trapped at the immobile dopant sites by electrostatic association.
Subsequently, Simon et al. doped Li2S with different elements to tune the ionic conductivity. It
was found that the ionic conductivity of Li2S could be increased by doping with LiCl and MgS
because the doped Cl- and Mg2+ can increase the concentration of lithium vacancies by replacing
more negatively charged S2- and less positively charged Li+.

Figure 2.13 (a) Transmission electron microscope (TEM) image, high-resolution TEM (HRTEM) image and
first cycle charge-discharge profiles of Li2S/FWNTs@rGO NBF.[95] (b) TEM and HRTEM images, and first
cycle charge-discharge curves of in-situ TG-Li2S composite.[96] (c) TEM images and charge–discharge
profile of Nano-Li2S with cage-like structure.[97] (d) SEM images with enlargement in insets, cyclic
voltammograms, and first activation cycle at C/50 of ball milled Li 2S−C composite.[98]
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2.3.1.3 Shuttling effect
As mentioned above, LISBs will experience the exactly the same reaction pathway, solid-liquidsolid process, as that of LSBs after the initial charge process. Therefore, the polysulfides
intermediates will be formed in the subsequent charge-discharge process, resulting in the shuttling
effect. Nevertheless, the anode used in LISBs is lithium-metal-free anode that is not as reactive as
Li metal, so shuttling effect is not as severe as that in the LSBs.

2.3.2 The relief of the high overpotential in the initial charge
From the papers published, we can note that different methods of material synthesis can result in
different activation barriers. Normally, the activation barrier is above 3.5 V if the commercial Li 2S
is used as cathode material without further processing. To decrease the overpotential voltage and
increase the energy efficiency, researchers decreased the size of Li2S to reduce the Li-ion diffusion
distance and increase the surface area or temperature for the electrochemical reaction.[98-100] In
addition, scientists can also add a redox mediator to the electrolyte to mediate the oxidation of
Li2S.[101]
Yan et al. fabricated Li2S/few-walled carbon nanotubes@reduced graphene oxide nanobundle
forest by a scalable method (Figure 2.13a).[95] The nanostructure contributes to good contact
between the Li2S and the carbon matrix as well as an adequate density of reaction sites. Thus, a
low overpotential voltage of about 2.6 V was achieved at 0.025 C in the initial charging process.
Zhang et al. synthesized an ultrasmall Li2S nanoparticle/graphene composite (Figure 2.13b),
where the Li2S was anchored on the graphene through the chemical reaction between sulfur and
lithium triethylborohydride (LiEt3BH) in tetrahydrofuran (THF) solution.[96] Through transmission
electron microscopy, it shows that the size of the Li2S was just 8.5 nm. The activation barrier
almost disappeared at 0.02 C. A one step in-situ chemical reduction method was employed by Suo
et al. to synthesize nano-Li2S with a particle size less than 100 nm (Figure 2.13c).[97]
Subsequently, the nano-Li2S particles were coated with carbon by using a novel flowable ionic
liquid as the carbon source. The activation barrier for the Li 2S@carbon is lower than that for
commercial Li2S reported in other papers in the first charge process. Cai et al. prepared
nanostructured Li2S-carbon composite cathodes in a cost-effective way through high-energy dry
ball-milling of commercial micro-sized Li2S with carbon material (Figure 2.13d).[98] In the initial
charge process in cyclic voltammetry, the current increased rapidly at 2.5 V at the scanning rate of
0.04 mV s-1, indicating that the overpotential voltage was about 2.5 V, which is much lower than
that of the commercial Li2S.
In addition, increasing the temperature for the operation of cells can also decrease the activation
barrier. Wu et al. synthesized the Li2S nanoparticles by the method of bottom-up assembly.[99] The
overpotential voltage reached 3.0 V when the cell was operated at room temperature at 0.05 C. In
contrast, the voltage was just 2.5 V at 45 oC at the same current density. The increased temperature
might accelerate the kinetics of charge transfer to reduce the activation barrier.
Reducing size of Li2S particles always require complicated and delicate experiments. In contrast,
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addition of redox mediators in the electrolyte may be a more promising method for commercial
LISBs. Redox mediators are chemical compounds that can act as electron shuttles to enhance
electron transport from the conductive substrate to the Li 2S, resulting in accelerated redox
reactions. Most importantly, the redox mediator can facilitate the oxidation of Li 2S and solve the
activation problem for Li2S cathodes.[101-102] LiI is one kind of redox mediator that is capable of
transporting electrons from carbon to the Li2S active material, dramatically reducing the energy
barrier in the initial charge process. Moreover, LiI can act as a protective agent for the anode since
it can also help to form a protective layer on the surface of the anode. Like LiI, Fe(η5-C5H5)2 and
Fe(η5-C5Me5)2 additives can also work as redox mediators to reduce charging polarization below
3 V in the first charge of Li2S cathodes (Figure 2.14).[101] It was revealed that Fe(η5-C5H5)2 and
Fe(η5-C5Me5)2 can effectively bridge the electron pathway between the electronic additive and the
active material, reducing the energy barrier and stabilizing the cycling performance. The cell with
the redox mediator showed three times more capacity than the cell without the mediator after 150
cycles. Other redox mediator additives such as InI3 and some quinone derivatives greatly relieved
the activation barrier of Li2S cathode, increased the specific capacity, and improved the cycling
performance.[86, 103] In addition, InI3 can help to form a protective layer on the cathode and anode
to mitigate the shuttle effect and improve the cycling performance. Whereas, the electrolyte
containing P2S5 can interact with the Li2S surface to increase the ionic conductivity of the Li2S
surface to reduce the overpotential voltage.[86]

Figure 2.14 Schematic illustration of Li2S cathodes working with redox mediators and performance of
Co(η5-C5H5)2, 50 mM Cr(η6-C6H6)2, LiI, Fe(η5-C5H5)2, and Fe(η5-C5Me5)2 redox mediators.[101]

From the previous mechanism research and the synthesis work on Li2S cathodes, the mechanism
of Li2S cathode activation should be separated into two parts. (i) The activation barrier at state of
charge (SOC) of about 5% is attributed to the charging of a small amount of surface
contamination. Some species, such as Li2CO3, LiOH, Li2SO3, and Li2SO4 with poor ionic
conductivity, may form on the surfaces of Li2S particles due to the atmosphere-sensitive nature of
Li2S.[89] This barrier can be eliminated or relieved by reducing the handling time and processes of
Li2S materials. (ii) The activation barrier at SOC from 5% to 100% is derived from the charge of
Li2S species. The polarization continuous to exist in the charging process due to the insulating
nature of Li2S, and this polarization mostly depends on the Li2S synthesis method, especially
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regarding different chemical or thermal treatments. Because charging Li 2S with the two-phase
transformation is from the outside to the inside, electrolytes can hardly penetrate the outer layer of
the newly formed S8 and affect the inner Li2S species. Therefore, the extraction of Li ions
becomes more difficult in this process. This is the reason why smaller particle size of Li 2S results
in a lower activation barrier in most cases.

2.3.3 Improving the conductivity of Li2S cathode and relieving the shuttling
Researchers have devoted tremendous efforts to improving the electronic conductivity and
suppressing the shuttle effect for Li2S cathode. Forming composite of Li2S with carbon material is
the most effective way to achieve these goals. First, carbon material has excellent electronic
conductivity. Carbon material can provide a satisfactory electron network from the current
collector to the active material. Second, carbon material has robust mechanical properties, which
can maintain the structural integrity of the cathode electrode during cycling. [104] Third, the
morphology of carbon material can be tailored by different synthesis methods, For example,
carbon material can be made into carbon nanotubes, sheets (such as two-dimensional (2D)
graphene), and hollow spheres.[105] The diverse morphologies of carbon material can help build a
more versatile electrode. Fourth, it is facile to synthesize carbon material with a porous structure,
which can absorb and trap polysulfide to prevent the shuttle effect. [106] Fifth, the surface of carbon
material can be conveniently modified with other elements or groups, which can chemically bond
to polysulfide to hinder the loss of active material.

2.3.3.1 Li2S/Graphene cathode materials
Like sulfur/carbon composite, graphene is also frequently used as conductive matrix for the Li 2S
cathode material.[107] Chen et al. achieved a binder-free three-dimensional (3D) graphene
framework supporting Li2S coated by ultra-thin Al2O3 films through heating Li2S/graphene oxide
sponge (Li2S-GS) and depositing Al2O3 thin film on the surface of Li2S/graphene.[108] The
framework can act as a good electronic and ionic facilitator, while the Al 2O3 film can physically
confine and chemically bond polysulfides to suppress their dissolution. The obtained Al2O3–Li2S–
GS cell showed high specific capacity and excellent cycling stability, with a capacity of 736 mAh
g-1 in the initial discharge and high capacity retention of 88% after 300 cycles at 0.5 C. Similarly,
Li2S/GO@C nanospheres were synthesized by embedding graphene oxide (GO) in the Li2S
nanospheres and depositing a conformal carbon layer on the surfaces of Li 2S/GO nanospheres.[100]
The GO inside the Li2S enables effective electron transport as well as being able to capture and
immobilize polysulfide. In addition, the carbon layer on the surfaces of Li 2S/GO nanospheres can
physically confine the diffusion of polysulfide. The cell assembled with the Li 2S/GO@C as
cathode material showed a high specific capacity of 964 mAh g-1 at 0.2 C. In addition, it also
showed excellent rate capability, delivering a discharge capacity of 584, 477, 394, and 185 mAh g1

at 2.0, 3.0, 4.0, and 6.0 C, respectively. On the contrary, Li et al. found that many researchers

employed complicated methods to synthesize Li2S/graphene composite. Therefore they
implemented a one-pot strategy to prepare Li2S/graphene composites by calcination of graphene
nanoplatelet aggregates (GNAs) and lithium sulphate (Li2SO4).[109] The synthesis process could be
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clearly articulated by thermogravimetry-mass spectrometry (TGA-MS). The highly conductive
host GNAs can also immobilize Li2S due to their intimate contact. Half-cells with this material as
cathode material had an initial specific capacity of 693 mAh g-1. Meanwhile, they also had fast
reaction kinetics as well as low polarization and good cycling performance. Qiu et al. synthesized
the highly nitridated graphene-Li2S (HNG−Li2S) cathode by annealing GO/polyol powder at 750
o

C in following NH3 gas flow and precipitated Li2S within the carbon matrix arising from the Li2S

ethanol solution.[110] The high nitrogen can mediate the redeposition of Li 2S from polysulfide in
the electrolyte. The cell assembled with the obtained material still possessed a specific capacity of
500 mAh g-1 at 0.2 C after 500 cycles, indicating the importance of optimizing the redeposition of
Li2S during the charge-discharge process. they also employed in-situ scanning electron
microscopy (SEM) to observe the change in morphology in the initial charge process. They
revealed that the Li2S gradually disappeared at the end of charge, implying that polysulfide was
generated and dissolved in the electrolyte. Their observation is consistent with the hypothesis
developed by Yang, indicating the rightness of the hypothesis to some degree.[13] Seh et al.
wrapped Li2S particles with the graphene oxide via the favourable lithium–oxygen interactions by
a facile method of sonification and centrifugation.[111] The wrapped structure of Li2S@Graphene
oxide led to a stable cycling performance because the polysulfide was constrained chemically and
physically by the GO.
Graphene is a 2D sheet material with excellent electronic conductivity that can greatly enhance
electron transport. Graphene has a versatile surface that can be decorated with many elements and
functional groups to trap polysulfides. Nevertheless, the costly nature of graphene is impeding the
large-scale production of graphene-based LISBs, so that the use of graphene in LISBs is
impractical.

2.3.3.2 Li2S/porous carbon cathode materials
Porous carbon materials are more capable of trapping polysulfides. Ye et al. synthesized
mesoporous Li2S–C nanofiber composite by combining electrospinning and subsequent pyrolysis
for the first time.[112] The Li2S and carbon formed in-situ during decomposition led to a uniform
distribution of Li2S on the carbon nanofibers. The mesopores in the composite could also trap
polysulfide. The obtained Li2S-C nanofiber material enabled a low overpotential voltage of only
2.57 V in the initial charge and improved cycling performance due to the excellent contact
between Li2S and the carbon material. Zhang et al. carbonized phytic acid-doped polyaniline
hydrogel to prepare a nitrogen and phosphorus codoped porous carbon (N,P-C) matrix to
accommodate Li2S nanoparticles as a binder-free cathode.[113] The N,P-C framework enables
continuous electron pathways as well as efficient lithium ion transport due to hierarchically porous
channels. The phosphorus doping can absorb the polysulfide through the interaction between
sulfur and the carbon framework. In addition, P element on the surface of the carbon material is
able to catalyse the redox reactions of sulfur species and improve the ionic conductivity. As a
result, the obtained composite shows a stable capacity of 700 mAh g-1 over 100 cycles at 0.1 C and
at the areal capacity of 2 mAh cm−2. Zhang et al. employed a very simple method of ball milling
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and pyrolysis to synthesize a Li2S@C sheet-like nanocomposite from the raw materials Li2SO4
and activated graphite.[114] The electrode was constructed on the carbon nanotube (CNT) film
without adding any binder. The cell showed a high energy density of 804 Wh Kg -1 at 0.5 C. The
method of material synthesis and cell design is simple, low-cost, scalable, and environmentally
friendly, indicating a promising commercial application for LISBs.
Microporous carbon hold a greater potential to trap polysulfides for Li2S cathode due to the nanosize pores. Sulfur/microporous carbon (S/MC) composites were synthesized by vacuum infusion
of sulfur vapour into microporous carbon which was subsequently lithiated by spraying
commercial lithium metal onto the obtained S/MC composite.[115] The Li2S/MC showed very high
coulombic efficiency and stable discharge capacity over long cycling. The cell could still deliver a
capacity of 650 mAh g-1 even after 900 cycles. A more effective way to synthesize Li2S/carbon
composite is to design a hierarchical particle-shell structure for Li2S/carbon material. The
advantage of a hierarchical structure is that it can relieve the stress within the outer shells during
cycling and thus preserve the structural integrity of the particles. Wu et al. constructed a
nanocomposite particle–shell architecture for Li2S cathode with three levels of enclosing hierarchy
by calcination of Li2S@ polyvinylpyrrolidone (PVP) composite and deposition of a carbon layer
through chemical vapour deposition.[116] The multiple levels of hierarchy act as a robust “border
wall” to physically prevent polysulfides from escaping from the cathode to the electrolyte with
consequent loss of active material. The cell showed extremely stable cycling performance, and no
capacity degradation was observed over 100 cycles. It also showed very good stability even when
tested for 300-600 cycles.
3D porous carbon can be synthesized by various methods using more available materials, leading
to a much lower price. The pores are also very effective for confining polysulfide and lead to
excellent performance. The porous carbon, however, has lower electronic conductivity than
graphene.

2.3.3.3 Li2S@Carbon Core-Shell cathode materials
Core-shell structures with the active material Li2S as core and carbon layer as shell were also
frequently implemented to enhance the performance of Li 2S cathode material. The carbon layer
could not only act as an effective electronic conductor, but also is able to physically confine the
polysulfide inside the carbon shell. Chen et al. synthesized a special structure for Li 2S cathode
material (Figure 2.15a).[117] The Li2S/carbon black core was encapsulated in a nitrogen doped
carbon shell that originated from the carbonization of PVP. Because of the effective confinement
of polysulfide provided by the carbon shell and the good electronic pathway endowed by both the
carbon shell and carbon black (CB), the material delivered a high initial specific capacity of 1020
mAh g-1 as well as an excellent Coulombic efficiency of 99.7% over 200 cycles. Moreover, the
capacity decay is as low as 0.17%. The field emission transmission electron microscopy (FETEM)
and elemental mapping tests revealed that the structure of Li2S/CB@NC is very robust, leading to
excellent electrochemical performance. Exceptional core-shell structured Li2S@carbon has been
synthesized by Nan et al. (Figure 2.15b).[118] Nanoparticles of Li2S with a uniform size
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triethylborohydride (LiEt3BH) in tetrahydrofuran (THF). Subsequently, the carbon layer was
deposited on the Li2S nanoparticles by chemical vapour deposition (CVD) using acetylene as the
carbon source. The material showed high initial specific capacity of 972 mAh g-1 and stable
cycling performance due to the durable core-shell structure. The post-test SEM indicated that the
electrode had only a slight morphology change, even after 400 cycles, representing its strong
capability to immobilize the polysulfide during the cell operation.

Figure 2.15 (a) Schematic diagram of PVP-assisted synthesis of Li2S/CB@NC, TEM images and the
electrochemical performance of Li2S/CB@NC.[117] (b) Schematic illustration of the coating process for the
Li2S@C spheres, SEM images, and electrochemical performance of the Li2S@C spheres.[118]
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The core-shell structure is a more efficient way to constrain polysulfides than porous carbon
because the shell is a more powerful physical barrier. The core-shell structure has been proved
capable of delivering very stable cycling performance. Nevertheless, synthesizing core-shell
structures is more complicated than for porous carbon, resulting in higher cost and less viability.

2.3.3.4 Li2S/conductive polymer composite
Conductive polymer has been intensively explored for S cathode materials. [40-41] As a conductive
additive, conductive polymer can be conducive to the cathode from the following two aspects. On
the one hand, the polymers can be tailored to achieve good contact with the active material
because of the flexibility and bendability of the polymer. On the other hand, functional group of
the polymer can effectively absorb polysulfide inhibiting the shuttle effect and enhancing cycling
performance. Much less research on Li2S/conductive polymer composite has been carried out than
that on the S cathode, with just one paper reporting the Li 2S/conductive polymer composite to the
best of our knowledge. Seh et al. demonstrated an in-situ synthesis of Li2S–polypyrrole
composites for high-performance Li2S cathode.[119] High-resolution X-ray photoelectron
spectroscopy (XPS) showed that the N element in polypyrrole had favourable Li-N interaction
with Li2S, enabling polysulfides to be strongly bonded to the surface of Li 2S. the polypyrrole was
in intimate contact with the Li2S to provide good electron pathways, resulting in good cycling
performance and rate capability of the obtained composite.

Figure 2.16 (a) Schematic illustration of Li2S/TiO2-HCF composite, optical images of sealed glass cells with
Li2S composite-Ti and pristine Li2S cathodes after cell operations, and cycling performance.[120] (b)
Schematic representation of composite synthesis of Li2S/Ti3C2Tx, SEM image, and cycling performance of
Li2S/Ti3C2Tx composite.[121] (c) Schematic representation of the synthesis of Li2S@LiTiO2 composite, SEM
image and cycling performance of Li2S@LiTiO2.[122]
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2.3.3.5 Li2S/mediator composite
A redox mediator is usually introduced to catalyse the redox reactions of sulfur species and
interact with the polysulfide intermediates by chemical bonding or static electricity, leading to
faster reaction kinetics and more stable cycling performance. Wang et al. synthesized Li 2S/TiO2impregnated hollow carbon nanofibers (Li2S/TiO2-HCFs) by electrospinning (Figure 2.16a).[120]
TiO2 can not only catalyse the reduction of polysulfide to Li 2S but also absorb the polysulfide.
Li2S/TiO2-HCFs delivered a discharge capacity of 851 mAh g-1 at 0.1 C. The cell also showed
improved cycling performance and rate capability, with the specific capacity of 690 mAh g-1 after
100 cycles and 400 mAh g-1 at 5 C. Pourali et al. made a composite of Li2S and transition metal
carbide Li2S/Ti3C2Tx (Figure 2.16b). Ti3C2Tx has high electrical conductivity.[121] The cell
presented better electrochemical performance than commercial Li 2S, which is attributed to good
electrical conductivity provided by Ti3C2Tx. Seh et al. coated TiS2 on the surface of Li2S to
acquire Li2S@TiS2 through the chemical reaction between Li2S and TiCl4.[122] The TiS2 coating
layer not only has a good electronic conductivity and strong affinity with Li 2S/Li2Sn species, but
also can physically prevent the diffusion of polysulfide (Figure 2.16c). As a result, the cell
showed very stable cycling performance over 140 cycles due to the merits provided by the TiS 2
coating layer. Wu et al. designed a delicate structure to prevent the shuttle effect by coating the
nanoparticles of Li2S with a conformal layer of LiTiO2.[123] Density functional theory (DFT)
calculations revealed that LiTiO2 has a very strong affinity to polysulfides and can facilitate the
conversion reaction from long polysulfides to short polysulfides by breaking S-S bonds. The
Li2S@LiTiO2 sample had high specific capacity and remarkable cycling performance over 400
cycles due to the benefits provided by the conformal layer of LiTiO 2. The post-cycling SEM
showed that the Li2S cathode and Li anode had a smooth SEI film, indicating that the polysulfide
was effectively entrapped.
The studies on the mediators for Li2S cathode revealed both cycling improvement and kinetic
enhancement of the Li2S-based Li-S batteries. Although some advancements have been made
through these researches, further investigation are required to screen other mediators to identify
better mediators.

2.3.4 Li-ion sulfur full cell
To the best of our knowledge, no researcher has ever exclusively and deeply discussed the LISB
full cell. The characterization of full cells is just conducted as supplementary data for the
synthesized cathode material. After going through all the papers in the literature on LISB full
cells, we found that lithium-metal-free anode materials which had been investigated for the LISBs
included graphite, silicon, tin, Fe3O4, and MnO2.

2.3.4.1 Li2S||Graphite full cell
Graphite is the most successfully commercial anode because it has very stable electrochemical
performance. In addition, its initial Coulombic efficiency is higher than those of other anodes such
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as Si and Sn, which arguably makes it the most promising anode to date for LISBs, currently.

Figure 2.17 (a) Schematic illustration, charge–discharge curves, and cycling performance of graphiteLi2S@PC full cells.[124] (b) Illustrated structure and electrochemical performance of a Li2S/Si battery.[125]

Zheng et al. prepared highly stable sulfur/microporous carbon (S/MC) through vacuum infusion of
sulfur vapour into the micropores of carbon, followed by the lithiation of S/MC to form Li 2S/MC
via spraying lithium metal powder (SLMP) onto the S/MC. The full cell was assembled with
Li2S/MC as cathode material and graphite as anode material, 1.0 M LiPF 6 dissolved in the mixture
of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) was selected as electrolyte.[115]
The full cell showed high specific capacity and very stable cycling performance, with capacity of
approximately 600 mAh g-1 (based on the mass of Li2S, similarly hereafter) over 150 cycles
without obvious fading. Wang et al. synthesized lithium sulfide@porous carbon composites
(Li2S@PC) by the in-situ formation of Li2S through the reaction between the lithium sulphate
(Li2SO4) and the pyrolytic carbon derived from glucose.[124] The nanosized Li2S particles showed
a uniform distribution within the carbon matrix. They showed that the LiNO3 in the ether
electrolyte is conducive to the cycling performance of graphite anode. Therefore, the Li-ion/sulfur
full cell was assembled with lithium bis(fluoroethanesulfonyl)imide (LiTFSI) (1 M) dissolved in
dioxolane/dimethoxyethane (DOL/DME) (1:1 ratio vol%) with 1 wt% LiNO 3 additive as
electrolyte. The full battery shows an initial specific capacity above 500 mAh g -1 and a stable
cycling performance at 0.1 C with capacity of 268 mAh g-1 after 30 cycles and 173 mAh g-1 after
100 cycles (Figure 2.17a). Li et al. fabricated Li2S/graphene (LS-G) composite via the in-situ
reaction between Li2SO4 and graphene. Considering that the Li2S cathode electrode is not
compatible with carbonate electrolyte and that the ether electrolyte will destroy the crystalline
structure of graphite (G). A new electrolyte of solvate ionic liquids was developed for the full
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cell.[126] The full cell was assembled using LS-G BM (where BM means ball-milled) as cathode,
graphite as anode and 1.0 M (Li(G4)x)(TFSA)/HFE (x=0.6, 0.8, or 1), where G 4 is tetraglyme and
TFSA is bis(trifluoromethanesulfonyl)amide and HFE is hydrofluoroether, dissolved in purified
tetraglyme as electrolyte. It showed that the cell with TFSA/HFE showed the highest discharge
capacities of 809 and 586 mAh g-1 in the first and 20th cycle, with the Coulombic efficiency above
99%.
Although graphite is a mature anode with high initial CE and good cycling performance, its
specific capacity is not high enough to couple with high-capacity Li2S cathode. Moreover,
graphite is not compatible with the ether-based electrolyte commonly used in the Li-S batteries.
Therefore, most researchers pay their attention on the anodes with high specific capacity and good
compatibility with ether-based electrolyte for Li2S cathode.

2.3.4.2 Li2S||Si full cell
Silicon is considered as one of the most attractive anodes for the future Li-ion battery. Silicon has
a much higher specific capacity (3579 mAh g-1) than graphite (372 mAh g-1). In addition, silicon is
very abundant (the 2th most abundant element in the earth’s crust) and environmentally
friendly.[127] Its 300% volume change during charge-discharge, however, results in pulverization
of the silicon particles, instability of the solid-electrolyte interphace, and loss of the good contact
between the active material and the current collector, leading to fast capacity fading. An effective
solution to relieve the volume change is to use nanosize silicon in place of bulk silicon. Recently,
a variety of nanotechnologies has been implemented to synthesize different dimensions of
nanosize silicon, such as nanoparticles, nanowires, nanotubes, and nanoporous networks.[128-130]
Because of improvement of the performance of silicon anode, there are now some works on the
Li2S/Si full cell. Yang et al. prepared Li2S/CMK-3 electrodes by electrochemically lithiating
S/CMK-3 electrodes and fabricated silicon nanowires as anode by directly growing silicon
nanowires on stainless steel substrates.[125] The obtained cathode and anode were used to assemble
full cell along with 1.0 M LiTFSI in DOL/DME (1:1 v/v) as electrolyte. The full cell showed an
initial specific capacity of 423 mAh g-1 at C/3 with the average voltage of 1.7 V. In the cycling, it
delivered about 300 mAh g-1 after 10 cycles and 250 mAh g-1 after 20 cycles at C/3 (Figure
2.17b). Jha et al. fabricated Li2S/Si full cells to investigate the activation process of Li 2S and the
effects of the activation process on the cycling performance of a Li 2S/Si full cell.[131] In-situ XRD
showed that even very large Li2S particles (20.0 μm) can be completely decomposed during the
initial charge process. The results showed that the activation current density has an effect on the
capacity and a slight influence on the cycling performance. Interestingly, the capacities of the full
cell at 0.2 C and 1 C are almost identical, which is consistent with the report by Yang et al. [125]
This might indicate that the poor rate capability in Li-S batteries may be attributed to the lithium
anode rather than the slow kinetics of the S cathode. Balach et al. prepared a Mo/Li 2S-based
cathode by direct lithiation of MoS2 nanoparticles (Figure 2.18a).[132] They found that the
Mo/Li2S cathode is free of polysulfide during operation of the cell. Therefore, the carbonate-based
electrolyte can be used for Mo/Li2S-based cathode. The cathode can present good cycling
performance at high Li2S mass loading of 10.7 mg cm-2. The Li2S-Si full cell with 1 M LiPF6 in
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ethylene carbonate/dimethyl carbonate (1:1 v/v, containing 10% fluoroethylene carbonate (FEC))
as electrolyte showed high initial specific capacity of 788 mAh g-1 good cycling performance with
specific capacity of 410 mAh g-1, and a low fading rate of 0.32 % over 150 cycles. Wang et al.
prepared a graphene-decorated Li2S cathode by spray-drying followed by heat treatment at high
temperature.[133] The obtained spheres of Li2S/carbon composite were 20 um in diameter. The
Li2S/carbon-Si Li-ion battery was assembled with 1 M (LiTFSI) in a mixture of 1,3-dioxolane and
1,2-dimethoxyethane (v/v = 1:1) with 1 wt% LiNO3 as electrolyte. The full cell showed an initial
specific capacity of 600 mAh g-1 and capacity of about 350 mAh g-1 after 30 cycles. Marco et al.
mixed Li2S and Mesophase Carbon Micro Beads (MCMB) to obtain Li 2S-MCMB composite by
ball milling, and they prepared silicon-oxygen-carbon (Si-O-C) anode by electrodeposition.[134]
Prior to use in full cell, the anode material was rinsed in the electrolyte to be lithiated for 15 h. The
full cell Li2S-MCMB/Si-O-C battery demonstrated stable cycling performance with capacity of
280 mAh g-1 over 100 cycles. These presented studies demonstrate that Silicon may be a very
promising anode candidate to couple with Li2S cathode.

2.3.4.3 Li2S||Sn full cell

Figure 2.18 (a) The first five cycles and cycling performance of the Si@C–Li2S full-cell.[132] (b) Typical
charge/discharge voltage curves and cycling performance of the SnO2/Li2S full battery.[135]

Metallic Sn is also considered a promising anode material for the Li-ion battery in terms of its
natural abundance, high theoretical capacity, and environmental friendliness. Like Si, Sn also
suffers from 300% volume change during intercalation-deintercalation of lithium ions, resulting in
poor cycling performance.[136] Reducing the size of Sn is also an effective way to alleviate the
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strain and inhibit pulverization, thus improving its life span. Jusef et al. first coupled Sn/C
nanocomposite with Li2S/C to explore the Li2S||Sn full cell, in which a gel polymer electrolyte
was used as electrolyte.[137] The cell possessed a high initial specific capacity of about 1200 mAh
g-1 (based on the mass of Li2S only) at C/20 and retained about 840 mAh g-1 after 100 cycles.
Hassoun et al. prepared Li2S-C composite by ball milling and synthesized Sn-C composite by
calcinating the organometallic tin precursor tributylphenyltin (TBPT) in the inert gas argon. The
polyethylene oxide (PEO)-based gel electrolyte was used as electrolyte for the full cell. [138] The
high-safety polymer Li2S/Sn lithium-ion battery showed a high specific capacity of 600 mAh g-1,
corresponding to an energy density of 1200 Wh kg-1.

2.3.4.4 Li2S||other anode full cell
Apart from graphite and silicon, there are also some other anodes that has been explored for
LISBs. Liu et al. employed SnO2 as anode material and Li2S-Carbon composite as cathode
material to fabricate a SnO2/Li2S full battery (Figure 2.18b).[135] They also developed a new
bifunctional additive for the electrolyte to mediate the redox reactions of sulfur species and
passivate the anode surface. The SnO2/Li2S full battery delivered high specific capacity of 983,
878, 746, and 675 mAh g-1 at 0.2, 0.4, 0.8, and 1.5 C, respectively. The full cell retained 647 mAh
g-1 after 200 cycles at 0.5 C. Yu et al. applied Fe3O4 as anode material to prepare a Li2S-C/Fe3O4C full cell.[139] The cell had an initial specific capacity of 600 mAh g-1 and preserved about 330
mAh g-1 after 50 cycles at 0.2 C. Similarly, Wang et al. used Fe3O4 as anode to couple with
Li2S@MXene/G, where G is graphene.[140] The Li2S@MXene/G cathode had multifunctional
cooperative interfaces that could reduce the activation barrier for the initial charge and regulate the
redox reactions of polysulfide conversion. The full cell delivered the specific capacity of 576 mAh
g-1 with the average voltage potential of 1.7 V in the first cycle. After 50 cycles, 310 mAh g-1 was
preserved at 0.2 C. Chen et al. fabricated a full cell with free-standing Li2S-rGO as cathode
material, MnO2 nanoparticles as anode material, and a conventional Li-S electrolyte (LiTFSI in
the mixture of DOL/DME (1:1, v/v)) as electrolyte.[141] The MnO2 nanoparticles reduced the
diffusion distance for Lithium ion and resulted in faster charge transfer. The full cell delivered 600
mAh g-1 in the first discharge process and experienced stable cycling performance subsequently,
with capacity of 450 mAh g-1 after 150 cycles.
We have several anodes to choose from to match Li2S cathode. To obtain high-energy-density
LISBs, the anode should meet several requirements. First, the anode should be compatible with
ether-based electrolyte because ether-based electrolyte is currently the most appropriate electrolyte
for LISBs. Second, the anode material should have a lower potential for Li + deintercalation and
intercalation so that a relatively high voltage can be obtained for LISBs. Third, the capacity should
be comparable to that of Li2S. We believed that the challenges of LISBs are related to the search
of a suitable high-energy-density anode. Si anode meets all three requirements mentioned above
and is considered as the best candidate for LISBs.

2.4 Summary
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Based on the review of the previous publications, the challenges faced by Li-S batteries are
shuttling effect, safety issues associated with Li metal, volume change and poor conductivity of
active materials. These problems lead to a high barrier to practical applications of Li-S batteries.
Various strategies have been implemented to target these challenges by battery scientist
worldwide. Nevertheless, Li-S batteries are still on the way to our practical life. In this thesis,
several strategies have been developed to overcome problems related to Li-S batteries with an
expectation that this thesis can bring Li-S batteries forward to the practical applications.
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Chapter 3
Experimental
In this part, the information on all the chemicals and materials used in this thesis, including the
chemical name, chemical formula, purity and supplier, will be listed. In addition, all the synthesis
methods for the materials developed in this thesis will also be detailed. Various characterizations
and measurements were applied to identify the physical, chemical and electrochemical properties,
interpret the experimental results, and access the performance, which will be described.

3.1 Chemicals and Materials
The main chemicals and materials used in my experiments are listed in Table 3.1 along with the
formulas, suppliers, and purity. The materials were all used without any further purification.

Table 3.1 Chemicals and materials used in this thesis

Materials/Chemicals

Formula/Structure

Purity (%)

1,3-Dioxolane

C3H6O2

99

Sigma Aldrich,
Australia

1-Methyl-2-pyrrolidinone (NMP)

C5H9NO

99.5

Sigma Aldrich,
Australia

CH3COCH3

99

Sigma Aldrich,
Australia

Aluminium foil

Al

N/A

AME energy, China

Carbon black

C

N/A

Timcal, Belgium

N/A

N/A

MTI KJ Group, China

Dimethoxy ethane

C4H10O2

99

Ethanol

C2H5OH

Reagent

CF3SO2NLiSO2CF3

≥99

Sigma Aldrich,
Australia

Lithium metal

Li

99.9

Sigma Aldrich,
Australia

Lithium nitrate

LiNO3

99

Sigma Aldrich,
Australia

C19H42BrN

99+

Sigma Aldrich,
Australia

Acetone

CR2032 type coin cells

Bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI)

Hexadecyl trimethyl
ammonium bromide (CTAB)
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Supplier

Sigma Aldrich,
Australia
Q-store, Australia

Li2S

99.9

Sigma Aldrich,
Australia

(CH2CF2)n

N/A

Corporation, USA

Anhydrous ethanol

C2H5OH

99.9

Sigma Aldrich,
Australia

Polypropylene separator (Celgard
2500)

(C3H6)n

N/A

Hoechst Celanese

Multi-Walled CNT

C

99

Sulfur

S8

99.5

Sigma Aldrich,
Australia

20.0

Sigma Aldrich,
Australia

Lithium sulfides

Polyvinylidene difluoride (PVDF)

Nafion perfluorinated resin
solution

Sigma Aldrich, USA

1-Butanol

CH3(CH2)3OH

99.8

Sigma Aldrich,
Australia

Thiourea

NH2CSNH2

≥99.0

Sigma Aldrich,
Australia

Diethyl ether

(CH3CH2)2O

≥99.0

Sigma Aldrich,
Australia

C

N/A

Toray

N/A

Sigma Aldrich,
Australia
AME energy, China

T-060WP carbon paper

Sodium carboxymethyl cellulose

Copper foil

Cu

N/A

Silicon nanoparticles

Si

98

Sigma Aldrich,
Australia

Resorcinol

C6H4-1,3-(OH)2

≥99.0

Sigma Aldrich,
Australia

Ammonia

NH3

≥99.98

Sigma Aldrich,
Australia

HCHO

37

Sigma Aldrich,
Australia

H2NC6H4OH

98

Sigma Aldrich,
Australia

NaOH

97

Sigma Aldrich,
Australia

Co(NO3)2∙6H2O

≥98

Sigma Aldrich,
Australia

K

98

Sigma Aldrich

Formaldehyde solution in H2O

3-Aminophenol

Sodium hydroxide

Cobalt(II) nitrate hexahydrate

Potassium
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3.2 The synthesis of materials
In this part, the methods used in this thesis for preparation of materials will be introduced. We
mainly focus on the principles of the experiments here.

3.2.1 The synthesis of hollow carbon spheres
A hard template method was used to synthesize the hollow carbon sphere (HCS). Silicon
nanoparticles were employed to act as the hard templates. Some oxygen-containing groups such
OH exists on the surface of silicon nanoparticle due to the oxidative effect of the air. First, we
coated the silicon nanoparticles with a layer of resorcinol-formaldehyde resin (RF) that was
formed by the reaction between formaldehyde and resorcinol with ammonium as the catalyst. The
polymerization between formaldehyde and resorcinol is a very common reaction in organic
chemistry,[142] the formula is shown as following:[143]

From the reaction above, the produced polymer contains many –OH group, which have a good
affinity with the surface of silicon nanoparticles. The polymer will be anchored on the silicon
nanoparticles by the condensation reaction between the –OH on the silicon nanoparticles and the –
OH in the polymer. In this case, the polymer can be well coated on the silicon nanoparticles.
Another advantage of resorcinol-formaldehyde resin is that it can be carbonized to a good quality
carbon material with high conductivity and mechanical stability. Therefore, the morphology of the
carbon materials still can remain after the carbonization of Si@RF, which enables the formation of
the core-shell Si@Carbon (Si@C) structure. Subsequently, NaOH can remove the core
component. NaOH can react with Si to produce H2 gas. The concentration of NaOH needs to be
well controlled because the great rapidity of H2 release may destroy the shell structure. Normally,
4.0 M NaOH is considered to be proper.

3.2.2 Synthesis of Li2S/HCS
Li2S has a much higher melting point than sulfur element, because of which, the melting diffusion
method is not suitable to mix Li2S with the HCS. In order to mix Li2S with HCS as uniformly as
possible, a wetting chemical method was employed. Li2S can be dissolved in ethanol to form a
solution. In this thesis, anhydrous ethanol (water content ≤ 0.1%) was used as the solvent for Li2S,
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as Li2S is very sensitive to water. We mixed HCS and Li2S solution, and evaporated the solvent at
70 oC in a glove box. Subsequently, the obtained HCS/Li2S mixture was further treated at 350 oC
to eliminate the ethanol completely. In this case, the uniform distribution of Li 2S in HCS can be
achieved. Notably, we treated our sample at 350 oC because we found that the ethanol cannot be
completely removed at 70 oC from XRD measurements. During all the handling of the Li2S
sample, good care needed to be taken to protect the sample from air.

3.2.3 Synthesis of CNT/S8 and D-CNT/S8
S8 is stable in air, and the melting point of S8 is just 155 oC. Therefore, we impregnated S8 in the
carbon matrix by the melting-diffusion method, which is very common for the preparation of
sulfur cathode. Specifically, we first heated the S8/carbon material mixture at 155 oC, at which
point the sulfur has the lowest viscosity, for 12 h. Subsequently, we increased the temperature to
300 oC and kept the mixture at that temperature for 2 h. The sulfur evaporated and redeposited on
the carbon material during the cooling process at 300 oC. The sulfur can redeposit on the
microporous structure to which the sulfur had no access at 155 oC. During the whole process of
heating, the S8/carbon material was sealed in the vacuum tube so that the sulfur could be protected
from oxidation and loss.

3.2.4 Synthesis of Defect-rich CNT (D-CNT)
The defects in CNT are created by the intercalation and detercalation of K within the CNT.
Specifically, the potassium was mixed with CNT, and during this process, the K atoms will
intercalate into the CNTs, much like the process of inserting Li into graphite by electrochemical
means. Later, a water/ethanol mixture was added to the potassium/CNT product. The K atoms in
the CNTs will react with water/ethanol and produce a high pressure of H2 gas. In this case, the
defects could be created by breaking of the CNT surface by the high pressure H2. Good care needs
to be taken because the potassium is very reactive with ethanol, water, and air, producing large
amounts of heat and flammable gas.

3.2.5 Synthesis of Nafion-coated separator
A Nafion-coated separator was mainly used for the electrochemical testing of Li2S-S8 symmetric
cells.[144] The Nafion-coated separator can effectively suppress the shuttling effect of
polysulfides,[45] although it can also increase the impedance of the cell. Therefore, the thickness of
Nafion on the separator is important for the electrochemical testing of the Li2S-S8 symmetric cell
and for the acquisition of reliable results. When the thickness is too thin, the Coulombic efficiency
is very low, and the cell cannot even operate, indicating the severe shuttling effect. A too great
thickness, however, will result in large hysteresis of the charge-discharge potential plateau. Many
measurements of thickness show that 75 µm is proper for the electrochemical measurements.

3.3 Structural and physical characterization
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3.3.1 X-Ray diffraction and Synchrotron X-Ray diffraction
X-ray diffraction (XRD) is a technique to identify the crystal structure of materials and the
components of a composite, based on the characteristic diffraction patterns of each crystalline
material. The theoretical basis of XRD is shown in Figure 3.1. The diffraction patterns of each
material originate from the interaction between the X-rays, electromagnetic radiation, and the
lattice planes of the crystalline material. If the wavelength of X-rays is comparable to the size of
the primitive cell, the XRD beam can penetrate the material and interact with the atoms in it.
When the material is a crystalline material, characteristic diffraction patterns can be obtained,
which will be dependent on the crystalline structure of the material. The ordered arrangement of
atoms in the crystal acts as a grating for X-rays. The X-rays will be scattered by each set of lattice
planes at a certain angle depending on the lattice spacing. In this case, the diffraction pattern has a
certain relationship to the crystal structure, given by Bragg’s law (Equation 3.1):
𝑛𝜆=2𝑑𝑠𝑖𝑛𝜃

(3.1)

Where n is an integer, λ is the wavelength of the X-ray applied, d is the lattice spacing of the
lattice plane that scatters the X-ray, and θ is the incidence angle. The crystal structure of the
sample can be analyzed from the diffraction angle and the relative intensities of all the diffraction
peaks. Compared with normal XRD, synchrotron X-rays have shorter wavelengths and more
power to interact with the crystal. Therefore, synchrotron X-ray diffraction is more sensitive to
changes in the crystal structure and can detect a minor phase in a composite.
In this doctoral work, all the XRD measurements were performed using a GBC MMA or
PANalytical Empyrean X-ray generator and diffractometer with Cu Kα radiation (λ = 1.5406 Å).
The working voltage and current were 40 kV and 25 mA, respectively.

Figure 3.1 The interaction between X-rays and the lattice planes, resulting in a certain scattering of X-rays
with the same wavelength at a unique angle θ, depending on the d of the lattice planes.

3.3.2 Scanning electron microscopy (SEM)
Scanning electron microscopy is a technique to characterize the morphology and analyze the
composition of a material by scanning the material with a beam of electrons. The information on
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the material is obtained by the interaction between the electron beam and the sample, thus
generating several kinds of signals, such as secondary electrons, back-scattered electrons (BSE),
characteristic X-rays, and transmitted electrons. These electrons and X-rays can be collected by
the detector and converted into electrical signals, which can be used to generate an image by an
amplifier. The acquired images give the information on the morphology, composition, and
distribution of the structures of the material.
An energy-dispersive X-ray spectroscopy (EDS) detector is usually installed in an SEM system.
EDS can identify the presence of different elements and their distribution in the sample. In this
doctoral work, a field-emission scanning electron microscope (FE-SEM, JEOL JSM-7500FA, 15
kV) was used to characterize the morphologies of materials. Before SEM observation, the
powdered material was directly applied on carbon conductive tape, which was mounted on an
aluminum holder.

3.3.3 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is another technique to analyze the morphology, lattice
spacing, crystal orientation, and electronic structure of sample materials. Unlike SEM, TEM
provides the morphology of a sample through transmission, because the electron beam will
penetrate the sample and the transmitted electrons are magnified and collected to produce an
image. The difference in density and thickness of the various parts of the sample produce
diffraction contrast in the electronic image, which corresponds to the internal structure of the
sample. The samples investigated by transmission electron microscopy need to be very thin, so
that the electron beam can penetrate the sample. The preparation of the powder particles is
relatively easy: the powder particles in a solution are dispersed by ultrasonic treatment, and then
the solution is dropped onto the carbon-film-covered copper grid of the electron microscope. After
the solvent is volatilized, a powder particle sample is obtained.
In this doctoral work, the TEM observations were carried out on a JEOL 2011 TEM (200 keV)
and a JEOL ARM-200F TEM (200 keV).

3.3.4 Scanning transmission electron microscopy (STEM)
Scanning transmission electron microscopy (STEM) is a powerful technique that combines the
principles of transmission electron microscopy and scanning electron microscopy. In the case of
STEM, very thin samples are required and characterized primarily at beam electrons transmitted
by the sample. One of its principal advantages over TEM is the use of other signals that cannot be
spatially correlated in TEM, including secondary electrons, scattered beam electrons,
characteristic X-rays.
STEM technique scans a very finely focused beam of electrons across the sample in a raster
pattern. A serial signal stream can be generated upon the interactions between the beam electrons
and sample atoms, producing the beam position to build a virtual image, in which the gray level
represents the signal level at any location in the sample at the corresponding location in the image.

60

In this thesis, characterization by STEM for all the sample was performed on the JEOL ARM200F.

3.3.5 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) is a method to study the composition and structure of
materials by analyzing the mass changes during a heating process. In this doctoral work, TGA was
used to measure the content of sulfur in the cathodes. When the temperature reaches its melting
point, sulfur will evaporate from the surface of the host materials, causing a decrease in the mass
of the sulfur composite. According to the thermogravimetric curve, the mass reduction at the
corresponding temperature can be ascribed to the loss of sulfur content. TGA was carried out by
using a SETARAM Thermogravimetric Analyzer (France).

3.3.6 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic method
to analyze the surface properties of a sample. When X-rays irradiates the surface of the tested
material, the electrons can be excited and can release from the atom in the material as
photoelectrons. The process can be expressed by the following formula:
h ν = Ek + Eb

(3.2)

where hν is the energy of the X-ray photons; Ek is the energy of the photoelectron; and Eb is the
binding energy of the electron. If we can know the hν and Ek, the binding energy can be calculated.
Every atomic orbital has its own special binding energy and therefore, by measuring the energies
of the photoelectrons produced by the sample, the composition of the elements in the sample can
be known. In this doctoral work, XPS analysis was conducted on a NEXSA XPS system using Al
Kα X-ray radiation in fixed analyzer transmission mode. A commercial XPS 2.3.15 software
package was used to analyze the XPS data.

3.3.7 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) is a frequently used method to analyze the
vibration groups in materials. When infrared light interacts with the materials, the sample will
absorb the light with the same frequency as that of a vibration group in the materials, which leads
to the reduction in the transmission intensity. This variation can be reflected by an infrared
spectrum. Each vibration group possess some certain vibration frequencies, which could be
analyzed to provide information on the vibration groups in the sample. The vibrations of the
groups are comprised of stretching vibrations and bending vibrations. Stretching vibration refers to
the vibration of the bonding atoms in the direction of the key axis with its length alternatively
changed. Bending vibration refers to the vibration of the bonding atoms at an angle from the bond
axis with the bonding angle alternatively changed. In this doctoral work, a Shimadzu IRPresting21 model Fourier transform infrared spectrometer was employed to collect FTIR spectra. For
measurements, the sample materials were mixed with potassium bromide (KBr) powder that acts
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as the background.

3.3.8 Raman spectroscopy
Raman spectroscopy is a powerful technique to investigate the structure of a material. The incident
light is monochromatic light in Raman spectroscopy. Part of the light wavelengths could be
scattered when the incident light interacts with the sample. The frequencies of the scattered light
are different from the frequency of the incident light due to the incident photon exchanging energy
with a vibration group, which is called the Raman effect. A scattered line located in a lower
frequency region than that of the incident light is the Stokes line, while the scattered line in a
higher frequency region than that of the incident light is the anti-Stokes line. In the Raman
spectrum, the Stokes line is mainly recorded and analyzed to provide information on the special
chemical compositions and structures of samples, which acts as complementary information to
XRD. In this doctoral work, the Raman spectroscopy was conducted on a JOBIN YVON HR 800
Horiba Raman spectrometer with the laser wavelength at 632.8 nm.

3.3.9 Solid-state nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) spectroscopy is a chemistry technique used in research for
determination of the content and purity of samples and their molecular structure. For example,
NMR can be used for quantitative analyzation on the mixtures containing known compounds. In
the case of unknown compounds, NMR can either match against spectral libraries or infer the
basic structure directly. Once the basic structure is obtained, NMR can determine its molecular
conformation in solution as well as for studying physical properties at the molecular level. In order
to achieve the desired results, a variety of NMR techniques are available. The basics of NMR are
described here.
The working mechanism behind NMR is that many nuclei have spin and all nuclei are electrically
charged. An energy transfer between the base energy and a higher energy level (generally a single
energy gap) can take place in the presence of an external magnetic field. The energy transfer is
triggered at a wavelength that corresponds to radio frequencies. Subsequently, energy will be
emitted at the same frequency when the spin returns to its base level, which can be recorded in
order to yield an NMR spectrum for the nucleus concerned.
In this thesis, a Bruker AVANCE Neo 500 MHz NMR spectrometer was applied to identify the
change in the chemical environment of Li element.

3.4 Electrode preparation and coin-cell assembly
The electrodes were prepared by the following procedures. The active cathode/anode material,
binder (PVDF or CMC), and carbon black (Super P) in mortar were mixed for 15 min. Then, an
appropriate amount of solvent was added to the above mixture to form a slurry after another 10
min of mixing. The obtained slurry was coated on Al foil for the cathode material and on Cu foil
for the anode material. The freshly prepared electrodes were dried in a vacuum oven overnight.
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Subsequently, the electrodes were punched into circular disks for assembly in coin cells.
All the electrochemical test were performed using CR2032 coin type cells, as shown in Figure
3.2. Typically, the cells were prepared in an argon-filled glove box, with commercial
polypropylene as the separator, the prepared electrode as the cathode, and Li metal as the anode.
In some occasions when the full cells were assembled, an anode electrode prepared using silicon
was used to replace the Li metal anode. For some special electrochemical testing, for instance,
symmetric cells are required. The Li-Li symmetric cells were assembled with Li metal anode as
both the anode and the cathode. Li2S-S8 symmetric cells were prepared with Li2S/carbon as anode
and S8/carbon as cathode. The electrolyte used in this thesis were prepared by dissolving the
required amount of lithium salt in a solvent that was dehydrated by a molecular sieve in advance.

Figure 3.2 The stacking sequence of the CR2032 coin type cells.

3.5 Electrochemical measurements
3.5.1 Galvanostatic charge-discharge testing
In the galvanostatic charge-discharge test, the cells are charged and discharged at constant current,
making it possible to identify the cycling performance, Coulombic efficiency, and rate capability.
This test gives the basic information on the performance of the tested sample as an energy-storage
material. The charge and discharge currents are always expressed by the unit of C. For example, 1
C of current density for sulfur cathode is equal to 1672 mA g-1, which indicates that charge and
discharge of the theoretical capacity will take 1 h. Analogously, 0.5 C is equal to 836 mA g-1, at
which charge and discharge of the theoretical capacity will take 2 h for sulfur cathode. In contrast,
1 C of current density for Li2S cathode is equal to 1166 mA g-1 because the theoretical capacity is
different for sulfur and for Li2S.
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3.5.2 Cyclic voltammetry (CV)
Cyclic voltammetry is a technique to analyze the electrochemical redox reactions of the tested
sample. In a CV measurement, potential is scanned from a start voltage to a set voltage at a
constant scan rate, and the response current is recorded. From the acquired CV curve, we can
obtain information on the reversibility and reaction mechanism of the electrode materials during
the electrochemical reactions. For instance, we can determine the potential hysteresis and calculate
the diffusion constant of Li+ by applying different scan rates to the tested sample. In this thesis, all
the CV measurements were performed on a Biologic VMP-3 electrochemical work-station.

3.5.3 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is usually employed to measure the internal
resistance of a coin cell. EIS is normally performed with frequency-changing sinusoidal waves
and low potential (10 mV). This measurement provides in-situ information on the resistance with
no damage to the coin cell, from which the electrolyte resistance, the charge transfer resistance,
and the interfacial resistance can be acquired. In a typical EIS spectrum, the ohmic resistance of
the electrolyte can be determined at high frequency. In the middle frequency range, the charge
transfer resistance and double layer resistance can be found. The low-frequency zone reflects the
diffusion of Li+ in the solid state. In this thesis, all the EIS data were acquired on a Biologic VMP3 electrochemical work-station.
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Chapter 4
The cathode material is an important component for Li-S batteries, which determines the
performance of Li-S batteries largely. In this chapter, we aimed to develop a novel carbon material
as conductive matrix for Li-S batteries. In addition, the carbon material can anchor the
polysulfides and catalyze the polysulfides reaction.

Defect-rich Carbon Nanotube: A highly efficient anchor and
electrocatalyst of polysulfides for Li-S batteries
4.1 Introduction
The current Li-ion batteries provide a strong technological toolkit to address the global challenges
of the energy crisis and climate change.[145] Nevertheless, the limitations of their low energy
density and high cost hinders their wider applications. Energy storage with alternative sources and
principles are proposed to satisfy the increasing demand. [146-147] The Li-S battery system is a
promising next generation of rechargeable batteries because of their theoretical energy density of
up to ~ 2600 Wh kg-1 (versus ~550 Wh kg-1 for current Li-ion batteries) and the low cost of the
sulfur active material.[65, 148] Nevertheless, Li-S batteries suffer from the technical weakness of the
poor electronic and ionic conductivity, relatively large volume changes, and the shuttling effect.
The combination of carbon material and sulfur is frequently used to improve the conductivity and
to mitigate the volume changes.[27] Among the various carbon materials, carbon nanotubes (CNTs)
have been intensively explored as a conductive matrix for Li-S batteries owing to their excellent
electronic conductivity.[106, 149-152] The CNT material, however, still fails to meet the requirements
as the conductive matrix for practical application of Li-S batteries. The lack of polysulfide anchors
and poor reaction kinetics limits the electrochemical performance of CNT in Li-S batteries.
Several research works on CNT reported that S8-CNT composite showed rapid capacity fade in
operation in Li-S batteries due to the lack of polysulfide anchors.[150, 153] To increase the anchoring
points, various mediators have been deeply explored for their interaction with polysulfides,
leading to improved electrochemical performance of Li-S batteries.[154-160] For instance, MnO
loaded on the CNTs can extend the cycle life and facilitate higher sulfur utilization in Li-S
batteries.[151] It was reported that a TiN composite with CNT had catalytic effect towards the
fragmentation of polysulfide, resulting in an excellent rate capability of 700 mAh g -1 at 5 C.[155]
Co9S8 on CNT could also provide both spatial confinement and chemical interaction to immobilize
polysulfides.[156] Nevertheless, the introduction of mediators involves complicated and expensive
synthesis procedures, including wetting precipitation, filtration, and calcination, which is
inappropriate for large-scale manufacture. From the technical aspect, it is easier and more practical
to employ a single conductive matrix in the manufacture of Li-S batteries. Therefore, endowing
carbon materials with catalytic and polysulfide-anchoring functions is a promising way to address
this issue.
Defect engineering in two-dimensional (2D) materials has been intensively explored and proved to
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strengthen the binding capability with electrochemical reactants because of the formation of an
asymmetric structure.[161-162] The edge defect can not only result in a chemical affinity with polar
molecules, but also enhance the polarized feature of the defect-rich material itself.[163] Actually,
carbon defects have been broadly investigated for energy storage systems, and it was demonstrated
that the carbon defect had catalytic activity towards the oxygen reduction reaction (ORR), a
facilitating effect on lithium deposition, and higher Li storage capacity, owing to the improved
interaction of the defect-rich carbon with reactants.[164-166] In this work, we introduced carbon edge
defects into the CNTs to produce defect-rich CNT (D-CNT), because edge defects have great
potential for binding with polysulfide. The D-CNT has stronger capability to bind with polysulfide
in comparison with pristine CNT, demonstrating some advantages for use in sulfur cathodes. First
of all, the electrical conductivity of D-CNT still remains high. Second, D-CNT possesses
increased edge points and polarized carbon sites, upon which, strong chemical affinity with
polysulfides can be built, and enhanced catalytic activity towards the sulfur reduction reaction
(SRR) can be achieved.[163-164] Thirdly, the usage of D-CNT will avoid the introduction of
mediators, avoiding the mediator-introduction process. Finally, D-CNT can extend the cycling life
of the batteries under the conditions of high sulfur loading and lean electrolyte, which is critical
for the practical application of Li-S batteries.
In this article, we demonstrate how the carbon defects (edge defects) within CNT assist in the
electrochemical performance of Li-S batteries. Potassium intercalation into CNT was adopted to
create carbon defects, resulting in more absorption sites and better affinity with polysulfide.
Owing to the abundance of carbon defects, D-CNT endows the Li-S battery with better cycling
and rate performance. The fundamental kinetics of the electrocatalytic sulfur reduction reaction
(SRR) has been rarely explored.[167] RDE measurements are an effective method to probe the
catalytic parameters.[167] We employed RDE to show that the strong binding effect is responsible
for the improvement in the catalytic activity of D-CNT, providing reliable support for the
mechanism of the SRR reaction. In addition, D-CNT can enhance the longevity of Li-S batteries
with high sulfur loading (about 5.0 mg cm-2) and lean electrolyte (10 µl mg-1 and 5 µl mg-1) for
practical application. Theoretical calculations indicated that the stronger binding energy of carbon
defects was mainly attributable to the improved electronic structure of the p-band. It is anticipated
that this research will give a new perspective on the modification of CNT and can be applied to
other carbon materials for Li-S batteries.

4.2 Experimental
The synthesis of D-CNT: All the materials were used without further purification unless specially
mentioned. The fabrication of D-CNT followed the route proposed by Lin in previous publication
(Figure 4.1), a modified version of which was applied. Briefly, carbon nanotubes (CNT, 1 g,
Sigma Aldrich: 234842) were mixed with potassium (K metal, ~1 g, Sigma Aldrich: 244864) in a
Pyrex tube which was then evacuated and heated. The Pyrex tube was kept at 190 oC for 4 h to
allow the intercalation reaction of K metal. Upon cooling down, inert N 2 was introduced into the
tube through the side connection. 50 mL ethanol was then poured into the Pyrex tube, followed by
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addition of 50 mL deionized water. Meanwhile, the tube was ultrasonicated for 1 h. The
suspension was collected by separating the residual sediment by centrifugation, followed by
drying at 70 oC for 24 h in an oven (with the sample obtained denoted as defect CNT precursor).
D-CNT was eventually acquired by heating the defect CNT precursor at 700 oC to remove the
oxygen-containing groups anchored on the carbon atoms in the Ar atmosphere.
The synthesis of S8/D-CNT and S8/CNT cathode materials: D-CNT or CNT (0.21 g) and sulfur
(0.54 g) were mixed for 30 min. The S8/D-CNT and S8/CNT were sealed in vacuum in a tube.
S8/D-CNT and S8/CNT cathode materials were prepared by heating the two composites at 155 °C
for 12 h and 300 °C for 2 h in an argon flow of 1.0 L min -1 with the temperature ramp of 5 °C min1

.

Material Characterization: The phase analysis was conducted on an X-ray diffractometer
(PANalytical Empyrean XRD) with a scan rate of 2o min-1. Energy dispersive X-ray (EDX)
spectroscopy and scanning electron microscopy (SEM) were applied to analyse the morphology
and element content with a JEOL JSM-7500 field emission scanning electron microscope.
Transmission electron microscopy (TEM) was conducted on a JEOL JEM-2010 transmission
electron microscope. Scanning transmission electron microscopy (STEM) was performed on a
JEOL ARM-200F, Air-sensitive samples were sealed in a tube isolating from air before sample
loading for STEM. Raman spectroscopy was acquired with spot measurements on a RamLab
Evolution Raman System. The four-point-probe method was employed to determine the electrical
conductivity. The sulfur content of the cathode materials were explored by thermogravimetric
analysis (TGA) using a TGA/DSC 1 STAR System (METTLER TOLEDO) in Ar atmosphere with
a heating rate of 5 oC min-1. The surface areas of D-CNT and CNT were determined by the
multipoint Brunauer-Emmett-Teller (BET) method of nitrogen gas absorption at 77 K. Prior to
BET analysis, the two samples were degassed for 48 h at 220 oC. X-ray photoelectron
spectroscopy (XPS) was performed on a SPECS PHOIBOS 100 Analyser that was installed in a
high-vacuum chamber with the base pressure below 10–8 mbar. The photon energy of X-ray
excitation was 1486.6 eV, produced under the conditions of high voltage of 12 kV and power of
120 W. The binding energy spectra were recorded with the pass energy of 20 eV and step width of
0.05-0.3 eV in the fixed analyser transmission mode. The commercial CasaXPS2.3.15 software
package was used to analyse the obtained XPS data. A Bruker AVANCE Neo 500 MHz NMR
spectrometer was employed to conduct the solid-state

7

Li nuclear magnetic resonance

spectroscopy (NMR) measurements on the samples with a solid-state magic angle spinning (MAS)
probe collecting the signal.
Calculation: The cambridge serial total energy package was used for the density functional theory
(DFT) calculations. The exchange-correlation potential was assessed using the generalized
gradient approximation proposed by Perdew, Burke, and Ernzerhof. [168] The long-range van der
Waals interactions were evaluated by using the empirical correction scheme of Grimme’s DFT-D
method. The geometry was optimized with the Brillouin zone sampling limited to the gamma
point. The cut-off energy was set to 400 eV for plane waves. The atomic positions were fully
relaxed to the point where the maximum energy difference and residual force on atoms,
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respectively, converged to 10-5 eV and 0.03 eV Å−1. In addition, a vacuum layer about 10 Å in
thickness was added to avoid the interaction between different nanotubes. In order to achieve the
results which are more consistent with the CNTs with mixing chiral-index CNT. Three typical
CNTs with different chiral indices ((7,7), (9,5), (12,0)) were chosen for the calculation of binding
energy between CNT defect points and Li2S4.
Rotating disk electrode (RDE) measurement: The electrocatalytic activity of CNT and D-CNT was
tested with a Biologic VMP3 (BioLogic, French) connected to an RDE instrument (Model 616A,
Princeton Applied Research, USA). During the test, the electrolytic cell was kept under flowing
Ar to prevent contamination of the electrolyte and decomposition of the discharge products from
moisture and oxygen. Catalyst ink was prepared by sonicating the catalyst (5 mg, CNT or D-CNT)
in ethanol (5 ml) and 20 wt% Nafion solution (5 µl). The catalyst ink (20 µl) was drop-casted onto
a freshly polished glassy carbon electrode (0.196 cm2) with the mass loading of 0.2 mg cm-2 for
both samples. The sulfur reduction reaction (SRR) was conducted in a three-electrode cell, in
which the catalyst on the glassy carbon was used as the working electrode, lithium metal as both
reference and counter electrode, and 4 mM S8 molecules dissolved in blank electrolyte as
electrolyte. Linear sweep voltammetry was applied to the S 8 solution at the sweep rate of 20 mV s1

and the rotation speed of 400 rpm from 3.3 V down to 0.5 V.

Preparation of NaFion-coated separator: Nafion solution (25 wt% in water) was coated on
polypropylene using the doctor blade technique to a depth of 50 µm, which was dried at 40 oC for
1 h. The mass loading of Nafion on the separator was 0.42 mg cm -2. Subsequently, the Nafioncoated separator was punched into circular disks with a diameter of 17 mm for assembly in coin
cells.
Electrochemical measurement: The cathode slurry was fabricated by mortar mixing of S 8/D-CNT
or S8/CNT powder (0.2 g), polyvinylidene fluoride (PVDF, 0.025 g), and conductive carbon
(Super P, 0.025 g). The mixture was then dispersed in N-methyl-2-pyrrolidone (NMP) and the
obtained slurry was casted on aluminium (Al) foil with the doctor blade technique to a depth of
265 µm for sulfur loading of 2.3 mg cm-2, 370 µm for 5 mg cm-2. The electrodes were dried at 60
o

C for 12 h in vacuum oven. The circular electrodes were punched out, weighed, and assembled in

2035 coin cells with lithium metal as the anode in argon (Ar) atmosphere. The electrolyte was a
solution of 1.0 M lithium bis-trifluoromethanesulfonimide (LiTFSI) and 0.1 M LiNO 3 in a
dioxolane (DOL)/dimethyl ether (DME) mixture (1:1 volume ratio). The E/S ratio
(electrolyte/sulfur, µl mg-1) was controlled to be 15, 10, and 5, respectively.
The galvanostatic charge/discharge and potentiostatic tests were conducted on a Land battery
tester (Wuhan, China). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were conducted on a Biologic VMP3 electrochemical workstation. The voltage window of
cyclic voltammetry was set at 1.7 V - 3.0 V for the half-cells with a scan rate of 0.1 mV s-1. The
frequency range of EIS was set from 1 MHz to 10 mHz with 10 mV fluctuation. The
Li2S/CNT||S8/CNT (Li2S/D-CNT||S8/D-CNT) symmetrical cells was assembled using S8/CNT
(S8/D-CNT) and Li2S/CNT (Li2S/D-CNT) electrodes with comparable capacity. The Li2S/CNT
(Li2S/D-CNT) was obtained by discharging S8/D-CNT to 1.7 V and disassembling coin cells
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(without washing). The Li2S/CNT||S8/CNT (Li2S/D-CNT||S8/D-CNT) symmetrical cells were
tested at the current density of 0.2 C. For the potentiostatic test, D-CNT or CNT was mixed with
PVDF and coated on Al foil by the same procedures as described above. Coin cells were
assembled with D-CNT or CNT electrode as cathode, and lithium metal as anode. A 30 µl mixed
solution consisting of Li2S8 (0.1 M), LiTFSI (1 M), and LiNO3 (0.1 M) was added to each cell as
catholyte. The cell was first galvanostatically discharged to 2.09 V at C/20 followed by
potentiostatic discharge at different voltages on an electrochemical workstation (Biologic MVP3).

Figure 4.1 Schematic illustration of synthesis of D-CNT, K metal intercalates into the CNTs between
graphene sheets. Subsequently, K+ reacts with H2O or EtOH regenerating H2. The high pressure of produced
H2 will lead to breakage of the CNT (like pop-up effect) and create the defects comprised of oxygencontaining group. Subsequently, the group was removed after treatment at high temperature.

4.3 Results and Discussion
Figure 4.1 demonstrates the brief mechanism for the creation of the defects. Firstly, Potassium
metal intercalated into the CNT in the space between graphene sheets. Subsequently, distilled
water and ethanol was introduced. The K intercalated in the CNT is active and can produce H 2 by
reaction with H2O and ethanol, which can result in defects because of the high pressure caused by
H2 within the CNT. The morphology of the samples was examined by SEM and TEM (Figure
4.2a-d). The original CNT is longer. In contrast, the length of D-CNT is obviously decreased and

69

some broken CNTs can be observed as indicated by red arrows in Figure 4.2c, which is attributed
to the pop-up process initiated by the release of high-pressure hydrogen. The TEM (Figure
4.2b&d) further reveal the distinct disparity in the morphology of CNT and D-CNT. CNT shows
the typical “tube” feature with a hollow structure in the centre and fringes on the sides (Images in
low and high magnification in Figure 4.2d). D-CNT demonstrates the morphology of damaged
CNT with some graphene sheets exfoliated from the tube. The broken points is where the defects
locates (Figure 4.2d). The scanning transmission electron microscopic (STEM) image in Figure
4.2e presents broken wall of CNT, clearly indicating the pop-up effect originated from the release
of the produced hydrogen. The above changes undoubtedly signify that the original structure of
CNT has been “damaged” and edge defects (carbon atoms with unpaired electron) has been
formed due to the K-ion intercalation and pop-up effect of deintercalation of K ions. Edge defects
refers to the carbon atoms that have unpaired electrons in the edge position.

Figure 4.2 SEM images of (a) CNT and (c) D-CNT; TEM images of (b) CNT and (d) D-CNT at low and
high magnification; (e) Low-voltage scanning transmission electron microscopic (STEM) image of D-CNT,
(f) XPS and (g) Raman spectroscopy of CNT and D-CNT.

Figure 4.2f presents X-ray photoelectron spectroscopy (XPS) spectra of the CNT and D-CNT.
XPS can identify different carbon atoms caused by different chemical environments. The XPS
spectra of both samples can be deconvoluted into four peaks: peak 1 is ascribed to sp2 C=C and sp3
C-C bonds, peak 2 is attributed to C-O-C bonds, peak 3 reflects –COO groups, and peak 4 reflects
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the π bonds of graphene.[169-170] Peak 1 and 4 represent the ordered graphene carbon atoms, which
is a reliable indicator of the content of ordered or disordered carbon atoms. [169] There is obvious
decrease in the intensity of peak 1 and peak 4 for D-CNT, which originated from the in-plane
structure. This means that the ordered C atoms are transformed to disordered ones, caused by the
breakage of sp2 C=C bonds.

Figure 4.3 Charge-discharge curve at 0.1 C (a), electrochemical impedance spectroscopy (b) of S 8/CNT,
S8/D-CNT, cyclic voltammetry of half cells (c) and symmetric cells (d), cycling performance (e) and Rate
capability (f) of the half cells. Electrochemical performance of S8/CNT and S8/D-CNT at high loading (5.2
mg cm-2) and lean electrolyte of E/S=10 µl mg-1 (g) and E/S=5 µl mg-1 (h).
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The Raman spectra of CNT and D-CNT in Figure 4.2g provide additional evidence on the
existence of defects. Both of these two samples have the same peak pattern. The intensities of the
peaks, however, are different from each other. The G (about 1568 cm-1) and G′ (about 2642 cm-1)
bands are from the primary in-plane vibrational mode of sp2 C-C. The D band (1319 cm-1) is
derived from the disordered sp2 C-C.[171-172] The G and G′ bands of the D-CNT have decreased,
and the D band has increased compared with that of CNT. The intensity ratio of the D to the G
band (ID/IG) of D-CNT is obviously larger than that of CNT, indicating the increased concentration
of defects. This result is in agreement with the Raman spectroscopy, both revealing that D-CNT
possesses more defect C atoms than CNT, which may have a positive effect on the electrochemical
performance of the sulfur cathode. In addition, we also noticed that the G band of CNT was red
shifted compared with that of graphene (1582 cm-1), which may be due to the increased length of
C-C bonds.[171, 173] The surface area was determined by N2 absorption-desorption and calculated
using the Brunauer-Emmett-Teller (BET) method. The N2 absorption-desorption plots in Figure
A1.1 in Appendix 1 in the Supporting Information indicate that the surface area of D-CNT (165
m2 g-1) is larger than that of CNT (118.5 m2 g-1), which can be attributed to the defects of D-CNT.
Table 4.1 Comparison of the electrochemical performances between S 8/CNT or S8/CNT@mediator reported
in the previous literature and S8/D-CNT in this work.
Mass loading
(mg cm-2)

Capacity
@Current
density (1 C=
1675 mAh g-1)

Conductive
matrix

Sulfur

Initial capacity
(mAh g-1)

Capacity at 2 C
(mAh g-1)

CNT

45%

2.1

1000@0.1C

720

420

̶

CNT

63%

1.5

1000@0.05C

642

461

CNT

75%

NP

910@0.2C

910

CNT

60%

1.2

991@0.5C

CNT

68%

2.0

CNT

88%

CNT

Capacity
retention
@cycle
number

Capacity
fade rate

Reference

58.3%@70

0.77%

[153]

382

71.8%@80

0.41%

[174]

120

̶

13.2%@100

2.01%

[175]

991

398

̶

40.2%@100

0.91%

[152]

780@0.2C

780

352

452

45.1%@200

0.4%

[176]

1.0

1230@0.1C

907

502

748

55.3%@100

0.59%

[151]

̶

NP

581@0.3C

581

496

̶

85.4@100

0.16%

[150]

CNT

51%

NP

714@0.2C

600

300

90

50%@60

1.15%

[36]

CNT @ReS2

78%

5.0

1411@0.1C

1411

1213

839

86.0%@200

0.11%

[177]

CNT @TiO2

56%

2.7

1510@0.1C

1113

1040

1003

93.5%@100

0.11%

[178]

CNT @MnO

88.3%

1.0

1310@0.1C

1050

804

̶

76.6%@100

0.11%

[151]

CNT @TiN

63%

1.5

1270@0.05C

830

710

560

85.5%@80

0.2%

[174]

CNT
@Co9S8

69%

2.0

1480@0.2C

1350

1020

950

75.6%@200

0.14%

[176]

D-CNT

67%

2.0

1263@0.1C

852

552

597

64.7%@400

0.11%

This
work
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End Capacity
(mAh g-1)

Sulfur was incorporated into the carbon material by the well-established melting-diffusion method.
Figure A1.2a&b in Appendix 1 present the morphology of the S8/CNT and S8/D-CNT. The
sulfur was uniformly distributed on the surface of CNT (D-CNT), indicating intimate contact of
sulfur with the CNT and D-CNT, which will benefit the electron transport within the cathode
material. The XRD patterns of S8/CNT and S8/D-CNT (Figure A1.2c in Appendix 1) show
typical peaks attributed to sulfur (JCPDF 08-0247). The thermogravimetric analysis (TGA) curves
(Figure A1.2d in Appendix 1) reveal that S8/CNT and S8/D-CNT have almost the same sulfur
content of 67.6 %. The Raman spectrum, shown in Figure A1.3 in Appendix 1, also demonstrates
that the sulfur was impregnated within the D-CNT.
The self-discharge test is shown in Figure A1.4 in Appendix 1. The coin half-cell containing
S8/CNT and S8/D-CNT were rested for 14 days, respectively, during which time the potential
variation was monitored. The open circuit voltage (OCV) of the S8/D-CNT and S8/CNT cells
decreased by 18.8 mV and 48 mV, respectively, after resting, implying that S 8/D-CNT is more
capable of preventing the loss of active materials.
Figure 4.3a shows that the S8/D-CNT electrode delivered higher specific capacity of 1260 mA h
g-1 compared to S8/CNT (1179 mA h g-1) at the current density of 0.1 C. Moreover, S 8/D-CNT
presents smaller polarization (ΔE = 0.14 V, Figure 4.3a) than S8/CNT (ΔE = 0.21 V), indicating
that S8/D-CNT possesses faster reaction kinetics. To confirm that the larger capacity of D-CNT is
from the improved kinetics rather than the increased capacitance of D-CNT, the CNT and D-CNT
electrodes (with no sulfur active material) were coupled with Li metal and assembled into coin
cells. These cells demonstrated that D-CNT could deliver a slightly larger capacity than CNT in
the first cycle (Figure A1.5a in Appendix 1), after which a specific capacity of just 10 mAh g-1
remained in the subsequent cycles for both cells (Figure A1.5b in Appendix 1). Therefore, the
larger capacity of D-CNT in the 1st cycle could be attributed to SEI formation, since D-CNT has
no increased capacitance compared with CNT. The impedance (Figure 4.3b) was fitted to the
equivalent circuit, shown in the Figure A1.6 in Appendix 1, which shows that the ohmic
resistance is almost the same for S8/CNT (7.1 Ω) and S8/D-CNT (8.65 Ω) because of the similar
electrical conductivity of these two samples (Table A1.1 in Appendix 1). The charge transfer
resistance of S8/CNT (897 Ω), however, was much larger than that of S8/D-CNT (319.35 Ω),
which is consistent with the bigger polarization of S8/CNT observed in Figure 4.3a, implying that
the improvement in electrochemical performance of D-CNT should be attributed to the kinetics of
the charge transfer. Cyclic voltammetry tests of the half cells (Figure 4.3c) provided additional
evidence that D-CNT can boost the polysulfide conversion, because the S 8/D-CNT electrode
demonstrated lower polarization and a higher current peak than S8/CNT. To probe the kinetic
features of D-CNT and CNT in the electrochemical reactions of polysulfides, symmetric cells of
identical electrodes consisting of D-CNT and CNT were assembled with Li2S6-containing
electrolyte and underwent the cyclic voltammetry testing from -1.0 to 1.0 V at the scan rate of 50
mV s-1 (Figure 4.3e). D-CNT showed a sharper current peak and lower polarization than CNT,
suggesting that D-CNT features improved kinetics of the conversion reaction. In consequence,
S8/D-CNT presented better cycling performance (64.3 % capacity retention) than S8/CNT (44 %

73

capacity retention) over 400 cycles (Figure 4.3e), corresponding to a decay rate of 0.21% and
0.11% for S8/CNT and S8/D-CNT, respectively. Better rate capability from 0.1 C to 5 C was also
achieved owing to the enhanced reaction kinetics (Figure 4.3f). Table 4.1 lists the performances
of CNT and mediator/CNT as sulfur hosts reported in the literature in recent years. The cycling
performance of D-CNT is much better than those of reported CNT electrodes. In addition, D-CNT
possesses a comparable decay rate and rate capability to most of the mediator/CNT composites,
suggesting that the carbon defects can, to some degree, act as a mediator and accelerate the
electrochemical reactions. Later, we will see that the catalytic effects of the defect can be revealed
by rotating disk electrode measurement.
High sulfur loading and a lean electrolyte are inevitable requirements for practical application of
Li-S batteries. We applied D-CNT and CNT in Li-S batteries with high sulfur loading and lean
electrolyte. The S8/D-CNT and S8/CNT electrodes with sulfur loading of about 5.2 mg cm-2 were
prepared for assembly in coin cells with lean electrolyte (E/S = 10 µl mg -1 and E/S = 5 µl mg-1).
The electrochemical performances are displayed in Figure 4.3g,h. For E/S = 10 µl mg-1 (Figure
4.3g), both cells could operate for 1000 cycles, but the cycling performance of S8/D-CNT was
much better than that of S8/CNT. S8/D-CNT and S8/CNT retained a specific capacity of 430 mAh
g-1 and 100 mAh g-1, respectively, corresponding to a retention of 52.4% and 12.1%. When the E/S
ratio was decreased to 5 µl mg-1 (Figure 4.3h), the longevity of S8/D-CNT and S8/CNT
significantly deteriorated as expected. 493 cycles were achieved for S 8/D-CNT and 429 cycles for
S8/CNT before the electrolyte dry-out. The results imply that D-CNT will be of benefit for the
cycling performance of high-energy-density Li-S batteries and prevent the side reactions between
the electrolyte and Li anode due to the strong bonding with polysulfides.
The coin cells (5.2 mg cm-2, E/S=10 µl mg-1) cycled for 1000 cycles were disassembled to recover
the Li anode for SEM and and energy dispersive spectroscopy (EDS) mapping. From Figure
A1.7a&b in Appendix 1, the surface of Li anode cycled with S8/CNT displays much deteriorated
surface morphology with cracks, while the Li anode cycled with S8/D-CNT presents a much more
stable surface structure without cracks. The cracked surface of Li anode will lead to more rapid
electrolyte dry-out, anode corrosion, and faster capacity fade. Li et al. reported that polysulfide
dissolved in the ether electrolyte can smooth the surface of Li anode through an etching effect,
preventing the formation of lithium dendrites.[79] This conclusion was reached by investigating the
effect of 0.18 M Li2S8 in the Li-S batteries, which corresponds to a sulfur cathode with low sulfur
loading and flooded electrolyte. High sulfur loading and lean electrolyte can result in as high a
concentration of Li2S8 as 4.0 M, which may lead to a different story between polysulfide and Li
anode. The EDS mapping in Figure A1.7c&d in Appendix 1 shows the uniform distribution of S
and F elements, indicating that the content of sulfur element on the Li anode surface coupled with
S8/D-CNT is lower than that coupled with S8/CNT. These observation implies that high
concentration of polysulfide will be detrimental to the stability of Li metal, while a proper level of
polysulfide will be beneficial. In our case, the effective confinement of polysulfides in S 8/D-CNT
will result in a lower level of polysulfide, decreasing the etching effect and benefiting the
interfacial stability between Li anode surface and electrolyte. In contrast, S8/CNT will lead to a
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higher concentration of polysulfide and an excessive etching effect, corroding the surface of the Li
metal. Therefore, it reveals that the concentration of polysulfide must be well controlled for highsulfur-loaded and lean-electrolyte Li-S batteries for practical application. Later, we will provide
solid evidence that D-CNT has a stronger tendency to trap polysulfides than CNT in terms of
chemical interaction.

Figure 4.4 Schematic representation of lithium sulfide-sulfur symmetric cell with Nafion-coated separator
(a), The charge-discharge plots of symmetric cell of S8/CNT vs. Li2S/CNT (b) and S8/D-CNT vs. Li2S/DCNT (c) in different cycles, (d) Current versus time for S 8/CNT and S8/D-CNT, which are first discharged to
2.09 V at C/20 and, subsequently, potentiostatically discharged at 2.06 V, (e) Transformation versus time
based on the current peak (black and red square in(b)). (f) Avrami plots of D-CNT derived from Figure 4.3e,
(g) 7Li NMR of Li2S4/CNT and Li2S4/D-CNT, XPS high-resolution spectra of (h) Li 1s (c) and (i) S2p of
Li2S4/CNT and Li2S4/D-CNT.

The Li2S||S8 symmetrical cell testing was applied to probe the electrochemical performance of the
cathode materials free from the impact of lithium metal corrosion on the cycling performance. [144]
As shown in Figure 4.4a, our Li2S||S8 symmetrical cell comprised an Li2S/D-CNT electrode, an
S8/D-CNT electrode, and a Nafion-coated separator. The shuttling process can be blocked by the
Nafion film, which only allows Li+ to permeate through the separator.[45] Therefore, the capacity
decay can only be attributed to irreversible loss of active material due to the dissolution of
polysulfides in the electrolyte. The cycling performance of the Li 2S/D-CNT||S8/D-CNT
symmetrical cell showed much more stability than that of Li2S/CNT||S8/CNT (Figure 4.4b,c). In
addition, the Li2S/D-CNT||S8/D-CNT cell demonstrated less evolution and lower polarization in
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the charge-discharge plots than S8/CNT during cycling owing to the stronger confinement of
polysulfides provided by D-CNT (Figure 4.4b,c). Glass U-shape cell were assembled to observe
the polysulfide dissolution. The sulfur loading of the S 8/CNT and S8/D-CNT in the U-shape cell
was the same (5.1 mg cm-2). From Figure A1.8 in Appendix 1, the S8/D-CNT electrode caused
less colour in the solvent than S8/CNT after full discharge, which means that a larger proportion of
polysulfides was trapped by D-CNT.
It has been revealed that the electrochemical reactions were enhanced by the defects of D-CNT. In
order to quantitatively probe the driving force for the improved electrochemical reaction,
potentiostatic testing was applied to determine the kinetic constant for the two samples. [179] Figure
A1.9a in Appendix 1 presents a typical curve of current vs time at constant potential, in which a
current peak will follow an incubation period (nucleation period). In the incubation period, the
current will undergo a rapid decrease in the initial stage of potentiostatic discharge due to the
reduction of the remaining Li2S8 to Li2S6 before peak occurrence.[179] Figure 4.4d shows that the
CNT and D-CNT cells were galvanostatically discharged to 2.09 V followed by the potentiostatic
discharge at 2.06 V. Both D-CNT and CNT experienced peak current after the incubation period.
Nevertheless, no peak current was observed after the incubation period for CNT, and an obvious
peak current was seen for D-CNT when the potentiostatic voltage was set to 2.08 V, as shown in
Figure A1.9b in Appendix 1, indicating the effect of D-CNT towards enhancing the deposition
and nucleation of Li2S or Li2S2. The potentiostatic discharge curve for the incubation period can
be fitted using two exponential functions, as shown in Figure A1.9c&d in Appendix 1. The
integration of areas under the curves indicates that the capacity from the reduction of Li 2S8 and
Li2S6 is 39.6 and 43.3 mAh g-1, respectively, for D-CNT, while the reduction of Li2S8 and Li2S6
contributes 19.2 and 28.8 mAh g-1, respectively, to the capacity for CNT. D-CNT delivers higher
capacity (82.9 mAh g-1) than CNT (48 mAh g-1) during the incubation period, signifying that DCNT has better affinity to polysulfides and facilitates the transformation of polysulfides on DCNT. The potentiostatic discharge shown in Figure 4.4d further reveals the better affinity of DCNT to polysulfide. The incubation period of D-CNT (40,000 s) is much shorter than that of CNT
(about 60,000 s) indicating Li2S deposition favours the surface of D-CNT. Moreover, the
potentiostatic current of D-CNT has a higher and narrower peak than for CNT, implying a higher
rate of Li2S deposition on the D-CNT. To obtain the kinetic constants for the two samples, the two
peaks are integrated and converted to the plot shown in Figure 4.4e. The two plots follows a
sigmoidal cumulative distribution function in the Avrami form (Equation (4.1))[179]
Y = 1− exp(−ct)

(4.1)

Where Y is the fraction of surface that has been deposited by Li 2S, c is the kinetic constant, and n
is the Avrami exponent. Fitting leads to an Avrami exponent of 3.0 for D-CNT, as shown in
Figure 4.4f, and of 3.05 for CNT, as shown in Figure A1.10 in Appendix 1, indicating the
mechanism of progressive nucleation.[179-180]
According to Equation (1), the time corresponding to peak current follows Equation (4.2) (see the
derivation in Appendix 1)
c=

2
3
3𝑡𝑚

(4.2)
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where 𝑡𝑚 is the time for peak current. Based on the curve in Figure 4.4d, the kinetic constant is
1.40 × 10−14 for D-CNT and 5.98 × 10−15 for CNT, further revealing the facilitating effect of DCNT on the deposition of the Li2S.

Figure 4.5 (a) The configuration of different CNT binding Li2S4 and the corresponding binding energy. The
DoS of C-2p of (b) Li2S4/9-5-CNT-P and (c) Li2S4/12-0-D-CNT-Z.

To explore what endows D-CNT with its improved kinetic constant, the cells that experienced
potentiostatic discharge were disassembled, and the recovered cathode electrodes were
characterized by SEM. Figure A1.11 in Appendix 1 shows the Li2S morphology formed on the
surfaces of D-CNT and CNT. Li2S is uniformly distributed on D-CNT. In contrast, Li2S was
deposited on the surface of CNT unevenly and formed a particle-like product. This manifests that
CNT has poorer affinity with polysulfide than D-CNT, resulting in the predominance of Li2S
growth over Li2S nucleation on the surfaces of CNT.[181-182] The agglomerated discharge product
on CNT is more likely to physically and electronically detach from the carbon matrix. The
uniform deposition on D-CNT, however, can guarantee reliable access to electrons and electrolyte.
Li7 nuclear magnetic resonance (NMR) can be used to experimentally probe the interaction of Li +
with other atoms, because the chemical shift of

7

Li is very sensitive to the bonding

environment.[183] The Li2S4/D-CNT presents a larger chemical shift than Li 2S4/CNT in 7Li NMR
measurements (Figure 4.4g). The upshift to the lower field of Li2S4/D-CNT indicates that the
defects led to a dramatic deshielding effect on the Li7 atoms,[183] resulting from the strong Li-
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defect C bonding. Li-C bonding is further revealed by XPS (Figure 4.4h,i). Both D-CNT and
CNT were steeped in the dilute Li2S4 dimethoxyethane (DME) solution (2 mM). After 20 h of
dipping, D-CNT and CNT were then removed from the solution and dried for XPS
characterization. The peak of Li 1s can be deconvoluted into two peaks for Li 2S4/D-CNT, which
are attributed to Li-C (57.3 eV) and Li-S (55.7 eV) bonding, respectively.[184] In contrast, the Li 1s
peak for Li2S4/CNT consists of just one peak at 55.5 eV contributed by Li-S. The XPS spectrum of
S 2p also shows variations between Li2S4/D-CNT and Li2S4/CNT. The S 2p XPS spectra of both
two samples can be deconvoluted into three peaks, which correspond to S8, S in the bridge (SB),
and S in the terminal position (ST) of polysulfide, respectively.[185] Nevertheless, the peak
positions of SB and ST show higher binding energy for Li2S4/D-CNT than for Li2S4/CNT due to the
interaction of polysulfide with Li+ anchored on the D-CNT, which is consistent with the NMR.
First-principles calculations were applied to understand how the defects in D-CNTs perform in
assisting the electrochemical process of sulfur cathode. All the geometries were acquired under the
condition of the energy criterion reaching below 10 -5 eV. Since the commercial CNTs are a
mixture of various types or CNTs, each with a defferent chiral index, three kinds of CNT with
different chiral indices (CNT-7-7, CNT-9-5, CNT-12-0) were selected for the calculations,
because the properties of CNTs largely depend on the chiral index, [186] by which we can evaluate
the different capability of various CNTs towards polysulfide adsorption. The configurations of
various CNT (D-CNT)-Li2S4 interactions are shown in Figure 4.5a. More detailed configurations
and the corresponding binding energy can be further reviewed in Table A1.2 in Appendix 1. The
plane carbons (denoted as P) of CNT-7-7, CNT-9-5, and CNT-12-0 have a similar binding energy
of -0.485, -0.689, and -0.466 eV with Li2S4, respectively. Nevertheless, the binding energy
between defect carbons (denoted as Z for zig-zag defects and A for armchair defects, see Figure
4.5a) and Li2S4 became much enhanced in comparison with plane C atoms, indicating the strong
polysulfide adsorption offered by carbon defects. The bar graph in Figure 4.5a presents the
binding energy of various CNT or D-CNT configurations with Li2S4. The carbon defects on CNT12-0 (12-0-D-CNT-Z) showed a much stronger interaction with Li2S4 than those on CNT-9-5 (9-5D-CNT-Z). The chiral index of CNT has a minor effect on the binding energy of plane C atoms,
but it shows a prominent effect on C defects, as shown for CNT-9-5 and CNT-12-0. Meanwhile,
the zigzag defect carbon on CNT-12-0, which has the largest binding energy, will interact with
both S and Li atoms, which leads to an obvious enlargement of the S-S bond length of Li2S4 and
catalyses the decomposition reaction of Li2S4 like a mediator (See Table A1.3 in Appendix 1).
Peng et al. proposed that the catalytic activity of carbon is largely affected by its p-band centre.[167]
To confirm whether the catalytic enhancement of these samples are consistent with this theory, the
p-band centre was calculated for each sample. As we can see in Figure 4.5b,c showing the C-p
DoS of D-CNT and CNT, the C defect atoms show an upshift of the p-band centre for both CNT9-5 and CNT-12-0. Nevertheless, the p-band centre of the zigzag-defect C atoms experience more
upshift than their armchair defect counterparts for both the CNT and the D-CNT, corresponding to
the larger binding energy of zigzag-defect C atoms. This indicates that the upshift of the p-band
centre is beneficial for the chemical bonding with polysulfides. It is easy to interpret this result:
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the upshift of the p-band position leads to a larger density of electrons of C atoms near the Fermi
energy, which will result in more charge transfer between carbon defects and polysulfide during
the interaction, providing stronger binding strength. [187] Figure A1.12 in Appendix 1 shows the
evolution of the DoS in Li and S atoms before and after the interaction of Li 2S4 with CNT. The
zigzag defects lead to a narrower energy range of Li atoms than the armchair ones. Consistent with
the observations in Figure 4.5, the zigzag defects of CNT-12-0 exert an obvious effect on the
DOS of S 2p, indicating a strong interaction between S and C atoms. Overall, the calculations
show that the defects will lead to an upshift of the p-band centre and enhance the binding energy
of C atoms with polysulfides. The defects of CNT-12-0 have more powerful capability than those
of CNT-9-5, which may be due to the CNT structure.
The theoretical calculations revealed that the D-CNT has a strong tendency to bind polysulfides
and enlarge the bonding length, resulting in metastable state of the polysulfide molecule. The
metastable polysulfides are more likely to be decomposed into lower-order polysulfides, which
can imply that D-CNT can provide faster reaction kinetics during electrochemical processes. In
order to provide more reliable evidence for this hypothesis, rotating disk electrode (RDE)
measurements was employed to explore the sulfur reduction reaction (SRR), strictly following the
protocols developed for the oxygen reduction reaction (ORR). Figure 4.6a presents the SRR
results for CNT and D-CNT on a glassy carbon electrode at a rotation speed of 900 rpm. D-CNT
shows a much more distinct advantage than CNT in acceleration of the SRR. Specifically, the
onset potential of D-CNT (2.37 V) is higher than that of CNT (2.28 V). Furthermore, the enhanced
kinetics of the SRR offered by D-CNT is also demonstrated by the half-wave potential and
diffusion-limited current. D-CNT has a much higher half-wave potential (1.845 V vs. Li+/Li) than
CNT (1.450 V vs. Li+/Li). Meanwhile, the D-CNT sample exhibited a much more prominent
diffusion-limited current than the CNT, which is also indicative of the improvement of D-CNT in
the acceleration of the SRR.
The linear sweep voltammetry (LSV) plots at low current density can be extracted to determine
the Tafel plot, which can identify the kinetic parameters of the SRR. A plot of ln(i) (where i refers
to current density in Figure 4.6a) vs. overpotential is shown in Figure 4.6b. A smaller Tafel slope
η and higher i0 (where i0 refers to the current density at zero overpotential) are persuasive
descriptors for faster electrochemical reactions and efficient catalysis. The η of D-CNT (49.9 mV
dec-1) is much smaller than that of CNT (127 mV dec -1), suggesting the better reaction kinetics
provided by D-CNT, in good agreement with the potentiostatic results in Figure 4.4. In addition,
the extrapolation of Tafel plots to the zero point of overpotential leads to an exchange current i0 of
0.127 and 0.064 mA cm-2 for D-CNT and CNT, respectively. Overall, the SRR Tafel plots reveal
that D-CNT has superior effects compared to CNT on the reaction kinetics, leading to accelerated
electrochemical reactions. A mechanism is proposed to interpret the resulting accelerated
electrochemical reactions, as shown in Figure 4.6c, benefiting our understanding of the
relationship between binding strength and kinetic features. When the binding of Li 2S4 to the CNT
is weak, electron transfer in the interface is hard due to the loose “contact” between Li 2S4 and
CNT and the high-energy barrier to transfer. Meanwhile, the intrinsic structure of polysulfides still

79

remains stable, which will lead to a higher barrier to the decomposition of polysulfides. In
contrast, Li2S4 has a stronger tendency towards stronger binding with D-CNT, and the intimate
“contact” makes the electron transfer easier in the interface and the decomposition of polysulfides
into shorter ones because of the decreased energy barrier.

Figure 4.6 (a) Linear sweep voltammetry curves of CNT and D-CNT towards sulfur reduction reaction in the
ether electrolyte containing 1.0 M LiTFSI, 0.1 M LiNO3 and 4 mM S8. (b) Tafel plots of CNT and D-CNT.
(c) Illustration of the proposed mechanism of accelerated electrochemical reaction.

Visual experiments and scanning TEM (STEM) mapping were conducted to provide more direct
evidence for polysulfide absorption. Samples of both D-CNT and CNT with the same surface area
were soaked in a solution of Li2S6 dissolved in DME (4 mM). The colour of the Li2S6 solution
with CNT became lighter after 24 h, as shown in Figure A1.13a in Appendix 1. In contrast, DCNT has completely decoloured the Li2S6 solution, signifying the stronger affinity of D-CNT with
polysulfide and the consistency of these results with the results of NMR and XPS in Figure 4.4.
D-CNT and CNT samples soaked in the solution were retrieved from the solution and washed
once with fresh DME solvent. The elements of the retrieved samples were mapped using STEM.
Figure A1.13b&c in Appendix 1 shows the mapping of S and C elements of the retrieved
samples, with CNT and D-CNT having the similar intensity for the C element. The bigger
diameter of D-CNT can be attributed to the effect of intercalation and deintercalation of K metal
as well as hydrogen “pop-up” process. Figure A1.13 in the Appendix 1 clearly shows that DCNT presents much clearer sulfur mapping than CNT. From the above observation, the following
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conclusion can be reached. CNT can only physically confine polysulfides that will be washed
away immediately by DME. D-CNT can not only offer physical confinement, but also much
stronger chemical bonding to interact with polysulfides. The Li 2S6 anchored by chemical bonding
is more difficult to completely wash away than that which is only physically confined, resulting in
the distinct S element mapping.

4.4 Conclusion
In this work, we have demonstrated that defect-rich carbon material possesses an enhanced
capability to adsorb polysulfides by chemical interaction, resulting in more effective confinement
of polysulfides and better cycling performance. Moreover, the C defect atoms have a catalytic
effect towards accelerating the electrochemical reactions, leading to greater power capability
because of the stronger interactive force between D-CNT and polysulfides. The calculations reveal
that the chemical bonding between polysulfides and C defect atoms play the dominant role in the
improvement of the cycling stability and rate capability in Li-S batteries. The point defects mainly
change the p-band centre of the C atoms, endowing the C atoms with greater capability to interact
with S or Li atoms, resulting in more charge transfer and stronger binding. This indicates that the
carbon defects can act as both anchoring sites and as a catalyst for polysulfides, replacing the
metal sulfides or transition metal oxides with carbon materials which are light, cheap, abundant,
and eco-friendly. Direct employment of defect-rich carbon material as host material without other
additional other mediators will make it easy and feasible to manufacture of Li-S batteries. We
anticipate that this work will pave a new avenue towards the development of Li-S batteries in the
future.
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Chapter 5
Although cathode materials play a key role in the Li-S batteries, the development of cathode
material always involves a complicated fabrication process and even requires changes in the
production line when it comes to large-scale manufacturing. In contrast, developing an electrolyte
is more practical for large-scale manufacturing, because it can simplify the changes in the
production line and reduce the cost of Li-S batteries. More importantly, the modification of
electrolyte can improve the interfacial stability of the electrode-electrolyte interface, enhancing the
electrochemical performance of the battery.

Understanding the effects of the electrolyte with lowconcentration lithium salt on the performance of high-energydensity Li-S batteries
5.1 Introduction
The emerging energy revolution from fossil fuel to clean energy sources, such as wind and solar
energy, is transforming our energy system to a more sustainable one. The development of
renewable energy, however, requires energy-storage technologies with long lifetimes, high energy
density, and low cost.[6]
Recently, Li-S batteries that utilize sulfur element and Li metal as positive and negative electrode
material, respectively, have attracted increasing attention as a promising energy storage system. [7,
16]

Based on the conversion reaction chemistry, one S atom can accept two Li ions and electrons,

endowing sulfur with a high theoretical capacity of 1675 mAh g -1. The average voltage plateau for
discharge of 2.1 V leads to a gravimetric energy density of 2600 Wh kg-1 for Li-S batteries,[188]
which is almost three times that of state-of-the-art Li-ion batteries that use transition metal oxide
and graphite as the cathode and anode material, respectively.[11] In addition, the sulfur is much
more accessible than the transition metal oxide because of its abundance in the earth’s crust. The
Li-S batteries, however, face some challenges for their commercialization.[9] The polysulfide
intermediates produced in the cathode can dissolve in the electrolyte and migrate to the anode,
leading to undesirable side reactions and a corrosive effect on the Li anode. Moreover, the lithium
dendrites can trigger thermal runaway as well as instability of the Li-electrolyte interface.[189] In
addition, sulfur cathode also suffers from large volume changes and poor conductivity, degrading
the cycling performance.[1] Tremendous efforts have been undertaken to relieve the shuttle
effect,[16,

190-191]

to protect the Li metal anode,[192] to improve the conductivity, and to

accommodate the volume expansion in past decades,[62] which have led to dramatic progress in the
practical application of Li-S batteries.
Nevertheless, apart from the problems mentioned above, the high cost of lithium salt also impedes
the commercialization of Li-S batteries. The standard electrolyte commonly used is 1.0 M lithium
bis-trifluoromethanesulfonimide (LiTFSI) and 0.1 M LiNO3 in a dioxolane (DOL)/dimethyl ether
(DME) mixture (1:1 volume ratio), because it possesses the highest ionic conductivity. Highconcentration LiTFSI (2.0 M – 5.0 M) has also been intensively explored for Li-S batteries, with
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the result revealing that high concentration could reduce the dissolution of polysulfides and
stabilize the Li metal anode.[193-194] Nevertheless, a high concentration will further raise the cost as
well as decreasing the energy density. In addition, high-concentration electrolyte could lead to
high viscosity, decreased ionic mobility, and poor wettability towards the electrode, limiting the
utilization of sulfur and the rate capability under conditions of high sulfur loading and lean
electrolyte.[193-195] Therefore, studying the effects of low-concentration electrolyte on Li-S batteries
has the potential to reduce the cost and increase the energy density, and potentially, to enhance the
performance with high sulfur loading and lean electrolyte. So far, low-concentration electrolyte
has rarely received attention for batteries due to the expectation that they would have low ionic
conductivity and lead to inferior performance. After a thorough literature survey, only three papers
have reported a study of low-concentration electrolyte in Li-S batteries. Hwang et al. decreased the
LiTFSI salt concentration to increase the wettability of the electrolyte towards the free-standing
CNT/sulfur cathode.[195] They found that the cell with 0.5 M LiTFSI salt could deliver a high
discharge capacity of 1400 mAh g-1 at 0.1 C and had a good capacity retention of 95% after 80
cycles, owing to the improved wettability and lowered viscosity of the low-concentration
electrolyte. Subsequently, Sun et al. revealed the effects of different electrolyte concentrations on
sulfur utilization by conducting a systematic study with LiTFSI salt in a DME/DOL mixture.[196] It
was demonstrated that the low-concentration (<1.0 M LiTFSI) could improve the sulfur utilization
and rate capability at high sulfur loading, which was attributable to the improved wettability of the
electrolyte towards the thick electrodes. In addition, Glaser et al. explored a dual-salt, lowconcentration electrolyte with LiTFSI/LiPF6 dissolved in a DME/DOL mixture for Li-S
batteries.[197] The concentration of the salts was as low as 0.3 M with 0.1 M LiPF6 and 0.2 M
LiTFSI. The two salts exhibited a synergistic effect on the rate capability and cycling
performance, resulting in comparable performance with or better electrochemical performance
than the standard electrolyte. From these results, we can reach a conclusion: the low-concentration
electrolyte will not necessarily lead to inferior performance; it can even achieve better
performance on some occasions where a high-sulfur-loading cathode is applied. Moreover, recent
studies have revealed that the electrode-electrolyte interface rather than the ionic conductivity of
the electrolyte governs the performance of the batteries,[198-199] which inspires us to expect that a
low-concentration electrolyte may serve as a potential choice for practical application of Li-S
batteries.
The research mentioned above mainly focused on the effect of low-concentration electrolyte on
the cathode. Here, a systematic study is presented that explores the effects of the lowconcentration electrolyte (LiTFSI salt in DME/DOL) on both the cathode and the anode. The
employment of symmetric cells can make it possible to solely focus on the effects of the
electrolytes on the electrode of interest, excluding the cross-intervention of the other electrode.
First, the performance of the electrolytes was measured with different concentrations at low sulfur
loading and high sulfur loading, respectively, revealing that the low-concentration electrolyte
could benefit the high-sulfur-loading cathode. Subsequently, symmetric cells were used to
separately study the effects of different concentrations of electrolyte on the high-loading cathode
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and on the anode to reveal the mechanism of the effect. Through the measurement of Li2S||S8
symmetric cells, this study revealed that an intermediate concentration (0.5 M or 0.75 M LiTFSI)
improved the performance of a high-sulfur-loading electrode. Thereafter, we found that the
stability of the Li-electrolyte interface could be fortified with the low-concentration electrolyte.
SEM showed that the corrosion of Li metal anode was mitigated by decreasing concentration.
Moreover, the XPS and FTIR measurements indicated that the low-concentration electrolyte could
lead to a higher content of the organic component in the solid-electrolyte-interphase (SEI), which
contributed to the improvement of the stability of the Li-electrolyte interface, owing to the highly
elastic nature of the organic component. We also showed that the salt and the solvent could
compete in their participation in the build-up of the SEI. Therefore, more solvent could be reduced
to organic component in the SEI with a decreased concentration of the electrolyte. We anticipate
that discovery will inspire new modification strategies to improve the stability of the Li-electrolyte
interface.

5.2 Experimental
Preparation of electrolytes at different concentrations: 1,2-dimethoxyethane (DME), 1,3dioxolane (DOL), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and LiNO3 were dried in
advance in glove box. The DME/DOL mixture (vol % = 1:1) was dehydrated by a molecular sieve
for 48 h. The LiTFSI and LiNO3 were heat-treated at 90 oC on hotplate for 24 h before use.
Subsequently, the dehydrated DME/DOL mixture was added to the LiTFSI/LiNO3 mixture,
followed by the stirring at room temperature until the complete dissolution of the salt was
achieved. The electrolytes at different concentration (0.25 M, 0.5 M, 0.75 M, 1.0 M) were
obtained by dissolving the corresponding amount of salts in the DME/DOL mixture. The
electrolytes with the concentrations of 0.25 M, 0.5 M, 0.75 M, and 1.0 M were denoted as 0.25M
LiTFSI, 0.5M LiTFSI, 0.75M LiTFSI, and 1.0M LiTFSI, respectively. All the electrolytes had the
same concentration of 0.1 M LiNO3 as an additive.
Preparation of sulfur/CNTs cathode composite: The sulfur/CNTs composite was prepared by the
melting-diffusion method, which is commonly used in the synthesis of sulfur cathode.
Specifically, 0.4278 g of CNT and 1.269 g S8 were ground with a mortar and pestle for 30 min.
The obtained mixture was then hermetically sealed in an evacuated quartz tube, followed by the
calcination at 155 oC for 12 h and 300 oC for 2 h, which led to the final sulfur/CNTs cathode
composite after cooling.
Preparation of Nafion-coated separator: Nafion solution (20 wt% in water) was coated on
polypropylene separator using the doctor blade technique to a depth of 100 µm, which was dried at
80 oC in a vacuum oven for 12 h. The mass loading of Nafion on the separator was 1.2 mg cm-2.
Subsequently, the Nafion-coated separator was punched into circular disks with a diameter of 17.0
mm for assembly in Li2S/CNT||S8/CNT symmetric coin cells as separators.
Electrochemical measurements: Sulfur/CNTs, carbon black, and polyvinylidene difluoride
(PVDF) were mixed for 15 min in a mass ratio of 8:1:1. Then a proper amount of 1-methyl-2pyrrolidone (NMP) (NMP : sulfur/CNTs = 4.5 µl mg-1) was added to the mixture to obtain the
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cathode slurry after mixing for another 15 min. The resultant slurry was coated on Al foil by the
doctor blade technique to a depth of 250 µm for a sulfur loading of about 2.0 mg cm-2 and a depth
of 325 µm for about 5.0 mg cm-2. The obtained electrode was dried at 60 oC for 12 h in a vacuum
oven. The electrode was punched into circular disks, which were weighed and assembled in 2035
coin cells with lithium metal as anode and with different electrolytes in a glove box. The
electrolyte to sulfur ratio (E/S, µl mg-1) was kept at 15 µl mg-1 for each coin cell. The
galvanostatic charge/discharge testing was performed from 1.7 V to 3.0 V on a Land battery tester
(Lanhe, Wuhan, China). Eelectrochemical impedance spectroscopy (EIS) was conducted on a
Biologic VMP3 electrochemical workstation. The frequency was in the range of 1 MHz - 10 mHz
with 10 mV fluctuation for EIS. For the preparation of Li2S/CNT||S8/CNT symmetrical cells, the
sulfur/CNTs was first lithiated by discharging S8/CNT to 1.6 V and disassembling the coin cells.
The obtained lithiated sulfur/CNTs (denoted as L-sulfur/CNTs) was washed with DME twice to
remove the residual lithium salt. L-sulfur/CNTs and sulfur/CNTs electrodes with comparable
capacity were used to assemble L-sulfur/CNTs||sulfur/CNTs symmetric cells with different
electrolytes and Nafion-coated separators, which were subsequently tested at the current density of
0.1 C to determine their cycling performance and at 0.1 C, 0.2 C, 0.4 C, 0.7 C, 1.0 C, and 2.0 C for
measurement of their rate capability. Li||Li symmetric cells were assembled with Li metal as both
cathode and anode, accompanied by the addition of electrolyte with different concentrations.
Cu||Li coin cells were constructed with Li metal as anode and Cu foil as cathode. All the Li foils
had the same area of 1.538 cm-2, and the same amount of electrolyte (25 µl) was added to each
Li||Li symmetric cell.
Materials Characterization: Scanning electron microscope (SEM) was performed to probe the
morphology on a JEOL JSM-7500 field emission scanning electron microscope. The sulfur
content of the cathode material was determined based on thermogravimetric analysis (TGA) with a
TGA/DSC 1 STAR System (METTLER TOLEDO) in Ar atmosphere with a heating rate of 10 oC
min-1. X-ray photoelectron spectroscopy (XPS) was conducted on SPECS PHOIBOS 100
Analyser that was installed in a high-vacuum chamber with the base pressure below 10 –8 mbar.
The etching time was 120 s for each test of depth profiling. The examined area was 200 mm. In
order to acquire reliable results, all the cycled Li metal anodes were transferred to the XPS
instrument in a hermetically sealed sample holder immediately after the recovered anode was
extracted from the coin cells and quickly dried on a hotplate in the glove box. The photon energy
of X-ray excitation was 1486.6 eV, produced under the conditions of high voltage of 12 kV and
power of 120 W. The binding energy spectra were recorded with the pass energy of 20 eV and
step width of 0.05-0.3 eV in the fixed analyser transmission mode. The commercial
CasaXPS2.3.15 software package was employed for analysis of the XPS data. Fourier transform
infrared spectroscopy (FTIR) was conducted on a Shimadzu FTIR Prestige-21 in the KBr mode
with the range of spectra from 450 to 4000 cm-1 in a protected holder.

5.3 Results and discussion
Figure 5.1 shows the electrochemical performance of low-sulfur-loading electrodes (about 2.0 mg
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cm-2) with different electrolytes. In Figure 5.1a, the cell with 1.0M LiTFSI presents the best
cycling performance and the cell with 0.25M LiTFSI shows the poorest cycling stability. The cell
with 0.5M LiTFSI and 0.75M LiTFSI showed just slightly poorer performance than the one with
1.0M LiTFSI. The above results implied that the cycling performance of Li-S batteries is only
slightly dependent on the concentration at low sulfur loading when the concentration of LiTFSI is
above 0.5 M. In addition, the Coulombic efficiency, as shown in Figure 5.1b, showed behavior
that was consistent with the cycling performance in Figure 5.1a. The Coulombic efficiency
showed little variation when the concentration was above 0.5 M. The poor cycling stability of
0.25M LiTFSI indicates that concentrations of LiTFSI lower than 0.25 M will fail to stabilize the
cathode or anode, or both, which will be further explored in a later part.
In the initial charge-discharge process shown in Figure 5.1c, the accessible capacity will increase
with the decreased concentration of LiTFSI, which is contradictory to our instinctive belief. Our
results are consistent with those reported by Sun et al.,[196] who proposed that more polysulfides
could be dissolved in the lower-concentration electrolyte, leading to a longer second plateau in the
discharge process. We can observe from Figure 5.1c that the capacity of the first discharge
plateau is almost identical for all the electrolytes. The capacity of the second plateau, however,
increases with decreased concentration of electrolyte. Dissolved polysulfides are more accessible
to electrons and Li ions under these conditions, resulting in accelerated reaction kinetics for the
transformation from polysulfides to Li2S. Under the low sulfur loading, the 1.0M LiTFSI presents
the best rate capability and 0.25M LiTFSI the poorest, indicating that the salt concentration is
important in this situation, as shown in Figure 5.1d, due to the enhanced ionic conductivity.

Figure 5.1 Electrochemical performance of the half-cells with different electrolytes under the condition of
low sulfur loading: (a) cycling performance, (b) Coulombic efficiency, (c) initial charge-discharge plots, and
(d) rate capability of the coin cells with different electrolyte.
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We further studied the effects of the electrolyte concentration on the cathode electrode with high
sulfur loading (about 5.0 mg cm-2), as shown in Figure 5.2. The cycling performance of 0.5M
LiTFSI and 0.75M LiTFSI is better than that of 1.0M LiTFSI, as demonstrated in Figure 5.2a. In
addition, 0.5M and 0.75M LiTFSI display the most stable Coulombic efficiency (Figure 5.2b),
implying that 0.5M and 0.75M LiTFSI could perform more stably with a high-sulfur-loading
electrode. In Figure 5.2c, the initial charge-discharge plots show a similar pattern to that with low
sulfur loading. The delivered capacity increases with the lowered salt concentration of electrolyte.
Moreover, the rate capability of the electrolytes under the condition of high sulfur loading appears
different from that under the condition of low sulfur loading. It appears that 0.5M LiTFSI shows
better rate capability than the others do, which is in agreement with the results reported by Sun et
al.,

[196]

who showed that the high viscosity of 1.0M LiTFSI could degrade the rate capability of

thick electrodes due to the reduction in the wettability of the electrolyte towards the sulfur
electrode. The wettability of different electrolyte towards electrode is verified in Figure A2.2 in
Appendix 2, showing that 0.25M LiTFSI and 0.5M LiTFSI possess better wettability towards
both sulfur cathode and separator.

Figure 5.2 Electrochemical performance of the cells with different electrolytes under the condition of high
sulfur loading: (a) cycling performance, (b) Coulombic efficiency, (c) initial charge-discharge plots, and (d)
rate capability of the coin cells with different electrolytes.

To verify what contributes to the improvement of the performance with the low-concentration
electrolytes (0.5M LiTFSI and 0.75M LiTFSI) and the high-sulfur-loading cathode, in the
following parts, we will separately study the effects of the electrolyte concentration on the highsulfur-loading cathode and Li metal anode, revealing the role that the electrolyte concentration
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plays. Employment of symmetric cells can provide us with a clear and reliable picture of the
effects of different electrolyte concentrations.
The L-sulfur/CNTs||sulfur/CNTs symmetric cell configuration was employed to study the effect
on the cathode with high sulfur loading. This cell configuration contains no Li metal anode and
can merely focus on the effects of different electrolyte concentrations on the cathode. The
electrochemical performance of the L-sulfur/CNTs||sulfur/CNTs symmetric cells is shown in
Figure 5.3. The charge-discharge plots at 0.1 C are shown in Figure 5.3a. The specific capacity
increases with the reduced electrolyte concentration, in agreement with what was observed in the
half-cells. It confirms that the cathode is responsible for the increased capacity at lower
concentration. It is clearly shown that the ratio of the first-plateau to the second-plateau capacity
increases with decreasing of electrolyte concentration, reconfirming that the low concentration
would facilitate the transformation of polysulfides to solid Li2S2 or Li2S. The electrochemical
impedance spectra (EIS) of the symmetric cells with different electrolytes is shown in Figure 5.3b.
The EIS data was fitted to an equivalent circuit with bulk resistance (R1) in series with charge
transfer resistance (R2) and capacitor (CCPE1) in a parallel configuration, and with cathodeelectrolyte-interlayer resistance (R3) and capacitor (CCPE2) in a parallel configuration, as shown in
the inset of Figure 5.3b. Fitting to these data shows that the interfacial resistance (R2 + R3) with
0.25 M, 0.5 M, 0.75 M, and 1.0 M electrolyte is 348.5, 341.3, 343.2, and 423.8 Ω, respectively,
indicating that decreasing the concentration will not sacrifice the charge transfer kinetics. The
evolution of resistance with concentration is shown in Figure A2.1 in Appendix 2.

Figure 5.3 Electrochemical performance of S8-Li2S symmetric cell with different electrolytes under the
condition of high sulfur loading: (a) initial charge-discharge plots, (b) electrochemical impedance spectra
with the equivalent circuit in the inset, (c) cycling performance, and (d) rate capability of S 8-Li2S symmetric
cells with different electrolytes.
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The cycling performance is shown in Figure 5.3c. 0.25M LiTFSI shows the poorest cycling
stability, indicating that too low concentration can damage the stability of the cathode. It is
assumed that too much polysulfide could be dissolved in the 0.25M LiTFSI and thus lead to poor
reversibility of the sulfur species. Unexpectedly, 0.5M and 0.75M LiTFSI present better cycling
stability than 1.0M LiTFSI, even if more polysulfides are dissolved in 0.5M LiTFSI and 0.75M
LiTFSI than in 1.0M LiTFSI. From Figure 5.3c, we note that 0.5M and 0.75M LiTFSI have a
faster capacity decline than 1.0M LiTFSI in the early stage, followed by a capacity increase in the
subsequent cycles, which correlates well with the cycling pattern of the half-cell configuration
under the high sulfur loading (Figure 5.2a). The cycling evolution of 0.5M and 0.75M LiTFSI is
also similar to that reported by Sun et al.,[196] who showed that the capacity of the electrolytes with
0.3 M and 0.5 M LiTFSI increase in the early stages of cycling. From Figure 5.3c, we can identify
that the cycling pattern of 0.5M and 0.75M LiTFSI observed in the half-cell in Figure 5.2a
originated from the cathode. A hypothesis was developed to interpret this phenomenon. The fast
capacity fade in the initial cycles for 0.25M, 0.5M, and 0.75M LiTFSI is triggered by the
dissolution of polysulfides. Afterwards, the dissolution of polysulfides could increase the ionic
conductivity of the electrolyte and the affinity of the electrolyte towards the electrode, which, in
return, promotes capacity delivery in the subsequent cycles. The Nyquist plots of coin cells at
different cycles were recorded, as shown in Figure A2.3 in Appendix 2. 0.25M, 0.5M, and 0.75M
LiTFSI experienced a larger reduction in their interfacial and bulk resistances than 1.0M LiTFSI,
which, at least in part, confirms this hypothesis. The rate capability of L-sulfur/CNTs||sulfur/CNTs
symmetric cells is shown in Figure 5.3d. The cell with 0.5M LiTFSI demonstrates the best rate
capability, due to the decreased viscosity and improved wettability towards the thick sulfur
cathode. Clearly, the 0.5M LiTFSI appears more suitable for the high-sulfur-loading cathode than
1.0M LiTFSI.
After the study on the cathode, we further assembled Li||Li symmetric cells to study the effects of
the different electrolyte concentrations on the Li metal anode. To obtain reliable results, all the
Li||Li symmetric cells contained the same amount of electrolyte (25 µl) and Li metal anode with
the same area. Voltage profiles of Li||Li coin cells with the different electrolytes from
galvanostatic charge-discharge cycling with a fixed capacity of 1.5 mAh g-1 are shown in Figure
5.4a. The coin cells with 0.25M LITFSI and 0.5M LiTFSI can stably operate for 1400 h with
polarization of around 20 mV. Whereas, the polarization of Li||Li cells with 0.75M LiTFSI and
1.0M LiTFSI increased to about 40 mV and 80 mV, respectively, at the end of cycling. Because of
the limited addition of the electrolyte to each Li||Li symmetric cell, the increased polarization
could be ascribed to the constant electrolyte depletion due to the Li metal-electrolyte reaction.
Therefore, this indicates that the decreased concentration can mitigate the parasitic reaction
between electrolyte and Li metal, relieving the electrolyte dry-out in the cycling. Furthermore, we
disassembled the cycled Li-Li coin cells to recover the Li metal anode by washing with DME
three times in a glove box for SEM characterization. The morphologies of the cycled Li metal
anode after the stripping process are shown in the Figure 5.4b-e. We can observe that the stripped
Li metal anodes cycled with 0.25M LiTFSI and 0.5M LiTFSI demonstrate denser morphologies
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than those cycled with 0.75M LiTFSI and 1.0M LiTFSI. The stripped Li metal cycled with 0.25M
LiTFSI has a pie-like morphology with close contact between the “pies”, while the Li metal with
0.5M LiTFSI has a flat and dense surface. In contrast, the Li metal anode with 0.75M LiTFSI and
1.0M LiTFSI show porous and dendrite-like structures, which could be vulnerable to attack by the
electrolyte. The morphologies of the cycled Li metal anode after the deposition process are also
shown in the Figure A2.4 in Appendix 2. Interestingly, we found that a higher concentration of
LiTFSI could facilitate the deposition process. The morphology of deposited Li metal cycled in
0.75M LiTFSI and 1.0M LiTFSI had a smoother surface and denser structure than that cycled in
0.25M LiTFSI and 0.5M LiTFSI. In this case, we propose that the deposition morphology is
independent from the interfacial stability. Smooth deposition morphology depends on the uniform
transportation of Li ions across the surface of the Li metal anode. Interfacial stability, however, is
much more determined by the robustness of the SEI. Figure 5.4f shows photographs of the Li
metal anode and separator disassembled from 200-cycle Li||Li coin cells. The corrosion of the Li
metal anode increased with a higher concentration of LiTFSI. The Li metal cycled with 0.25M
LiTFSI appears to be gray; a small patch of “black area” is located on the Li metal cycled with
0.5M LiTFSI. In contrast, the majority of the Li metal cycled with 0.75M LiTFSI and 1.0M
LiTFSI has been corroded due to the Li-electrolyte reaction. The results shown in Figure 5.4 led
to the conclusion that a high LiTFSI concentration could raise the rate of the parasitic reactions
between the electrolyte and the Li metal.
We also conducted EIS to monitor the evolution of resistance in the Li||Li symmetric cells with
different electrolytes in different cycles, as shown in Figure 5.5.Figure 5.5a-d shows the Nyquist
plots of the fresh cell and the cells at cycles 5, 20, 50, 100, and 200 with different electrolytes. The
Nyquist plots were subsequently fitted with the equivalent circuit shown in Figure A2.5 in
Appendix 2. The interfacial resistance is the sum of R1, R2, and R3. The bulk resistances of these
cells are similar, indicating that the ionic conductivity of the electrolytes shows only a slight
variation. The evolution of interfacial resistance for the different cells with cycling is plotted in
Figure 5.5e. The fresh cell has relatively large interfacial resistance due to the passivation layer of
LiOH, LiCO3, and Li2O.[200] Therefore, the interfacial resistance can reflect the thickness of the
passivation layer on the Li metal to some degree. After 5 cycles, all the cells experienced a
reduction in the interfacial resistance because of the peel-off of the passivation layer. After 20 and
50 cycles, the interfacial resistance of these cells declined further to a minimum. After 50 cycles,
the interfacial resistance increased because of the build-up of the SEI and the corrosion of Li metal
anode. Nevertheless, the cells cycled with 0.75M LiTFSI and 1.0M LiTFSI showed a larger
increase in the interfacial resistance than with 0.25M LiTFSI and 0.5M LiTFSI, indicating the low
interfacial stability for cells with 0.75M LiTFSI and 1.0M LiTFSI. Furthermore, we assembled
Cu||Li cells to measure the Coulombic efficiency (CE) of different electrolytes. According to the
literature published by Xiao et al., Cu||Li cells can provide more reliable CE than other method,
providing good evaluation of the compatibility between the electrolyte and the Li metal.[201]
Following the protocols for the measurement of CE in lithium metal batteries, we applied areal
capacity of 4 mAh cm-2 for each cycle of the Cu||Li cells at current density of 1.0 mA cm-2. The
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obtained CE is shown in Figure 5.5f. On average, the cells with 0.25M LiTFSI and 0.5M LiTFSI
had higher CEs than with 0.75M LiTFSI and 1.0M LiTFSI, indicating that 0.25M LiTFSI and
0.5M LiTFSI have higher compatibility with Li metal.

Figure 5.4 (a) Voltage profiles of Li||Li symmetric cells with different electrolytes; SEM images of Li metal
after 200 cycles of Li||Li symmetric cells with 0.25M LiTFSI (b), 0.5M LiTFSI (c), 0.75M LiTFSI (d), and
1.0M LiTFSI (e); (f) photographs of Li metals and separators after 200 cycles in Li||Li symmetric cells with
different electrolytes. The scale bar in the SEM images is 2.0 µm.

The above results imply that lowering the electrolyte concentration could lead to a reduction in the
side reactions in the Li-electrolyte interface. To reveal the ultimate cause of this effect, we
employed surface-sensitive techniques, XPS and FTIR, to probe the composition of the SEI on the
surface of the Li metal anode after 100 cycles. The XPS C 1s, Li 1s, and F 1s spectra of Li metal
anode cycled with different electrolytes are shown in Figure 5.6a-c. Three peaks can be found for
C 1s: the peak at 284.8 eV is from C-C bonding, while the peak at 288.7 eV can be attributed to CO and C-F component.[79] A minor peak at about 293.6 eV is also observed for Li2CO3.[200] In the
case of Li 1s, there are two peaks at 56.2 eV and at 52.8 eV for the both Li metal anodes cycled
with 0.25M LiTFSI and 0.5M LiTFSI, which can be attributed to Li2S or LiF and Li-O bonding,
respectively.[202-203] One peak, however, appears for Li metal anodes cycled with 0.75M LiTFSI
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and 1.0M LiTFSI, which can be considered to be a mixture of the peaks from LiF and Li-O bond.
In the case of F 1s, all the samples contain two peaks, the peak at 686.9 eV for the Li metal anode
with 0.25M LiTFSI can be assigned to C-F bonds.[204] The peaks at about 685.0 eV and at 688.3
eV are attributed to –CF3 and LiF, respectively.[198-199] From the previous literature, the SEI
comprises of inorganic and organic component. It was reported that LiF played an important role
in the stability of the SEI for graphite anode due to its good mechanical and insulating properties.
When analyzing the obtained XPS results, LiF can represent the inorganic component and –CF3 or
Li-O can be treated as belonging to the organic component. Here, we found a relationship of the
percentage for organic component vs. different concentrations of LiTFSI, which has been plotted
in Figure 5.6d by fitting to the XPS Li 1s and F 1s spectra using the CasaXPS software. The Li
metal anode cycled with 0.25M LiTFSI and 0.5M LiTFSI contained a higher percentage of
organic component than with 0.75M LiTFSI and 1.0M LiTFSI.

Figure 5.5 Electrochemical impedance spectra (EIS) of Li||Li symmetric cell with 0.25M LiTFSI (a), 0.5M
LiTFSI (b), 0.75M LiTFSI (c), and 1.0M LiTFSI (d); (e) The evolution of the interfacial resistance from EIS
of Li||Li symmetric cells with different electrolytes; (f) The Coulombic efficiency of Cu||Li coin cells with
different electrolytes.
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The FTIR spectra of the Li metal anode cycled with 0.5M LiTFSI and 1.0M LiTFSI are shown in
Figure 5.7. The peaks at 1512 and 1435 cm-1 can be attributed to δCH3 or CH2 of the residual
solvent. The peaks at 1295 and 1222 cm-1 are from νC-F formed by the reduction of the solvent
and the salt.[205] The peak at 894 cm-1 can be attributed to lithium carbonate from reduction of the
solvent.[206] The peak at 1022 cm-1 can be assigned to ROLi produced from the reduction of the
solvent.[207-209] The peaks at 670 cm-1 and 508 cm-1 are probably from Li-O bonds of Li2O
produced from the decomposition of the reduced product of the solvents.[208] The peak at 3564 cm1

can be assigned to Li3N or LiNxOy generated from the reduction of LiNO3. It should be noted that

the peaks at 1022, 894, 670, and 508 cm-1 for Li metal cycled with 0.5M LiTFSI is stronger than
for those for Li metal cycled with 1.0M LiTFSI, implying that the SEI contains more products
from reduction of the solvent.

Figure 5.6 XPS C 1s (a), Li 1s (b), and F 1s (c) spectra of Li metal disassembled from coin cells cycled with
different electrolytes after 100 cycles; (d) the content of the organic component of the SEI determined from
the Li 1s and F 1s spectra.

XPS depth profiling of the Li metal cycled with 0.5M LiTFSI and 1.0M LiTFSI was further
conducted to decipher the structure of the SEI. The C 1s XPS depth profiles of Li metal anode
cycled with 0.5M LiTFSI and 1.0M LiTFSI are shown in Figure 5.8a. The peak intensity of C 1s
decreases more rapidly for Li metal cycled with 1.0M LiTFSI than with 0.5M LiTFSI. After 120 s
of etching time, the intensity of C 1s experienced a slight decrease for Li metal cycled with 0.5M
LiTFSI, while the Li metal cycled with 1.0M LiTFSI showed a large reduction in the intensity of
C 1s. This signifies that more C-containing product was covering the surface of the Li metal anode
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with 0.5M LiTFSI. Figure 5.8b presents the evolution of the peak intensity of Li 1s with etching
time for the Li metal cycled with 0.5M LiTFSI and 1.0M LiTFSI. Before etching, the Li 1s
spectrum of Li metal cycled with 0.5M LiTFSI contained two peaks attributable to LiF and Li-O,
respectively. After 120 s of etching, the peak intensity ascribed to Li-O increased. In contrast, a
single peak mostly assigned to LiF was observed before etching and after 120 s of etching. This
confirms that more Li-O organic component is formed in the SEI of the Li anode cycled with
0.5M LiTFSI than that with 1.0M LiTFSI. The F 1s XPS depth profiles of Li metal anode cycled
with 0.5M LiTFSI and 1.0M LiTFSI provide additional evidence that the SEI with 0.5M LiTFSI
contains more -FC3 than that with 1.0M LiTFSI, as shown in Figure 5.8c. Before etching and after
120 s, the peak intensity of -FC3 is very obvious for the Li metal anode cycled with 0.5M LiTFSI,
indicating a large content of -FC3 in the SEI of the Li anode with 0.5M LiTFSI. Whereas, the peak
intensity of -FC3 is very minor for the Li metal anode cycled with 1.0M LiTFSI even before
etching. After 120 s of etching, the peak ascribed to -FC3 completely disappeared. The XPS depth
profiles lead to the same conclusion, that the Li metal anode cycled with 0.5M LiTFSI contains
more organic component on and in the SEI. In addition, it should be noted that the XPS depth
profiles of the two samples remained unchanged after 240 s of etching time, indicating no
evolution of the composition of the SEI with depth.

Figure 5.7 FTIR spectra of Li metal after 100 cycles with 0.5M LiTFSI and 1.0M LiTFSI

Based on the above results, two questions need to be resolved to interpret these results. The first
question is why low-concentration electrolyte should lead to more organic component in the SEI.
According to the previous publications,[85, 206] the salt anion -N(SO2CF3)2 is mainly reduced to
inorganic components such as Li3N, Li2S, Li2S2O4, and LiF. Whereas, the solvent molecule 1,3dioxolane (DOL) is transformed to organic polymers such as CH3OCH2CH2OLi. In the electrolyte
with a low concentration of LiTFSI, more solvent is reduced to organic polymers and less salt
anions are decomposed into the inorganic component. In addition, Aurbach et al. reported that the
reduction of salt anions could compete with the reduction of solvent, [205] which implies that less
salt concentration in the electrolyte can result in the reduction of more solvent to organic
component in the SEI. The N 1s and S 2p XPS depth profiles shown in Figure A2.6 in Appendix
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2 can further confirm the competition between the reduction of the solvent and the reduction of the
salt. The content of N element in the SEI decreased with the increasing concentration of LiTFSI,
as shown in Figure A2.6a in Appendix 2. N element in the SEI mainly originates from LiNO3,
implying that less LiNO3 participates in the build-up of the SEI in the higher-concentration
electrolyte. In contrast, a larger content of sulfur element was observed in the 1.0M LiTFSI than in
the 0.5M LiTFSI, as shown in Figure A2.6b in Appendix 2, implying that more salt anions are
reduced in the 1.0M LiTFSI than in the 0.5M LiTFSI.

Figure 5.8 XPS Depth profiling of Li metal after 100 cycles in 0.5M LiTFSI and 1.0M LiTFSI for different
elements: (a) C 1s, (b) Li 1s, (c) F 1s.

The second question is how the organic component in the SEI could better stabilize the electrodeelectrolyte interface. It was consistently reported that the organic component was more capable of
accommodating volume changes during the electrochemical process than the inorganic component
due to the elastic and flexible properties of organic materials. [210] It is well known that the
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inorganic component, LiF, plays an important role in stabilizing the electrode-electrolyte interface
in graphite anode. Graphite, however, suffers from just 10 % volume change so that the LiF film
with good mechanical stability can remain intact and prevent the parasitic reactions. Nevertheless,
the volume changes of Li metal anode during electrochemical processes is much larger than those
of graphite particularly when high areal capacity is applied. In this situation, the inorganic
components cannot accommodate such large volume changes, leading to vulnerability of the SEI
and inevitable parasitic reactions in the Li-electrolyte interface. In contrast, the organic
components in the SEI possess immense potential to buffer the volume changes compared with the
inorganics. Therefore, a high content of elastic organics in the SEI can lead to stability of the Lielectrolyte interface.

5.4 Conclusion
In this work, we systematically studied the effects of the low-concentration electrolyte on the Li-S
batteries from the perspectives of both cathode and anode. Firstly, we tested the low-concentration
electrolyte with the low-sulfur-loading and high-sulfur-loading cathode, respectively, and found
that the high-sulfur-loading electrode performed better with low-concentration electrolyte.
Subsequently, we separately investigated the effects of the low-concentration electrolyte on the
cathode and anode by employment of symmetric cells, revealing the mechanism of the effect of
the low concentration electrolyte. We discovered that the low viscosity and good wettability of the
electrolyte with low concentration are the key factors that ensure the good performance of the
high-sulfur-loading cathode. In addition, the increased dissolution of polysulfides can facilitate the
conversion reaction of polysulfides, resulting in higher available capacity. Furthermore, we found
that the low-concentration electrolyte benefited the stability of the Li-electrolyte interface. The
electrolyte with lower concentration could lead to higher content of the organic component in the
SEI of Li anode. The flexible and elastic organic components are more capable of accommodating
the large volume changes in the Li metal anode, leading to less breakage of the SEI, reduced
parasitic reactions, and improved interfacial stability. In this research, we demonstrated that the
low-concentration electrolyte could be more suitable for high-energy-density Li-S batteries. Firstly,
better performance with high-sulfur-loading can be achieved with low-concentration electrolyte
than with high-concentration electrolyte. Secondly, the stability of the Li-electrolyte interface can
be enhanced due to the high content of organic component in the SEI, in particular, when high
areal capacity of the anode is applied, mitigating the consumption of electrolyte.
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Chapter 6
Conventional Li-S batteries are considered to be promising as futuristic energy storage system.
Nevertheless, safety issues related to Li metal anode impedes the practical application. In this
work, we developed Li2S-based cathode for Li-metal-free Li-ion/sulfur batteries, getting rid of the
safety problem of Li metal anode.

Nanostructured CoS2-decorated Hollow Carbon Spheres- A
Performance Booster for Li-ion/Sulfur Batteries
6.1 Introduction
Energy storage systems are becoming more and more crucial due to the green energy revolution.
Exploring and developing high-energy-density energy storage systems will promote the revolution
development.[211] Energy density of current lithium-ion batteries (intercalation cathode materials)
is approaching its limit after many years of efforts. [212-214] Li-S batteries have attracted much
attention from scientists in the past decade, due to the high potential specific capacity and energy
density.[215] Furthermore, the Li-S battery is more environmentally friendly because of the nontoxic nature of sulfur. More importantly, the abundance of S element (10th most abundant element
in the Earth’s crust) leads to lower cost for the Li-S battery compared with the currently available
Li-ion batteries.[216]
Despite its great advantages, several obstacles are hindering the practical application of the Li-S
battery. Li-S batteries suffer from poor electronic and ionic condutivity of sulfur, large volume
changes, and the dissolution of intermediate products, leading to poor cycling performance and
rate capability.[7] In addition, the lithium metal used as anode in Li-S batteries raises a severe
safety issue due to the lithium dendrites. Fortunately, the performance of the Li-S battery has been
greatly improved owing to the great contributions made by researchers worldwide. [217-218] Some
pioneering scientists are predicting that the ultimate barrier to practical application of the Li-S
battery will not be the electrochemical performance of the S cathode.[125] Therefore, it is urgent to
solve the safety issue for the practical application of Li-S batteries.
Therefore, scientists developed the concept of the Li-ion sulfur battery, in which Li 2S is used as
the cathode material and a non-lithium-metal material, such as Si, Si/C, or Sn, as the anode
material.[125, 134, 137] Li2S has several advantages as the cathode material in comparison to sulfur.[88,
113, 116]

Li2S can be paired with a non-lithium-metal anode such as graphite, silicon, or tin to

assemble a lithium-metal-free battery that is safer and more reliable.[219] In addition, the volume of
Li2S will shrink rather than expand in the initial charge, alleviating the problem of structural
collapse of the cathode.[116]
Its high overpotential, however, needs to be overcome in the initial charge process for the Li 2S
cathode.[13,

220]

This problem exists because of the low Li-ion conductivity and electronic

conductivity of Li2S, leading to low energy efficiency and decomposition of the electrolyte. Just
like the S cathode, Li2S cathode also suffers from dissolution of polysulfides and from poor
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electronic and ionic conductivity. Some researchers have made great efforts to target these
obstacles and enhance the cycling stability and rate capability of the Li2S cathode. Most works on
Li2S cathode material have focused on developing good carbon materials to solve the abovementioned problems. Chen et al. designed a few-walled carbon nanotube@reduced graphene oxide
nanobundle forest material to be used as the conductive matrix for Li 2S.[221] In this unique
nanostructure, the few-walled carbon nanotubes (FWNTs) serve as axial shafts to stabilize the
electrical network and the reduced graphene oxide (rGO) can decrease direct contact between the
Li2S and the electrolyte by forming a coating on the Li 2S particles. A very simple method for the
synthesis of Li2S/graphene via one-pot pyrolysis of a mixture of graphene and lithium sulfate was
reported by Zhe Li et al.[109] The as-prepared material had capacity retention of 72% after 40
cycles, which is much better than for a simple mixture of Li2S and graphene. Subsequently,
Sheng-Heng Chung et al. designed a shell-shaped carbon architecture for a high-mass-loaded Li2S
electrode.[222] The electrode could still have good stability because of its excellent electrical
network, even when the Li2S loading was as high as 8 mg cm-2. Although several scientists have
developed some carbon materials for Li2S and made some progress, it still cannot meet the
requirements for practical application. Good carbon materials should have a high surface area and
porous structure, which can provide good contact with the Li 2S and give them the ability to
confine polysulfides within the cathode, respectively. Many researchers have just focused on one
aspect of the two. For instance, Zhi et al. adopted polypyrrole as the conductive matrix for Li 2S
cathode.[119] Polypyrrole can act as a good electronic conductor, but it lacks pores to trap
polysulfides. Kunpeng et al. used multi-walled carbon nanotubes to host Li2S cathode material.[98]
The nanotubes formed an open structure, which was not capable of limiting the diffusion of
polysulfide. In addition, Zhe Li et al. synthesized a Li 2S/graphene composite for the Li-ion sulfur
battery, but the graphene was not very effective for trapping polysulfides because of the lack of
anchor sites and closed voids.[109]
CoS2, as a strong chemical absorber of polysulfides and a catalyst, has been explored for S8
cathode, but it has never been investigated for the Li2S cathode. Herein, we are the first to report
the synergistic effects of CoS2-decorated hollow carbon spheres as a carbon matrix on the
performance of the Li2S cathode. Hollow carbon spheres have good electrical conductivity to
provide pathways for electron transport. Meanwhile, the large surface area, rich porous structure,
and closed voids of the hollow carbon spheres can physically confine polysulfide to stabilize the
cycling of the Li2S cathode by impeding the shuttling process. At the same time, CoS 2 possesses
polar surfaces and is capable of chemically trapping polysulfide through Co-S and S-Li chemical
bonds. In-situ synchrotron XRD indicates that CoS2 can catalyse the reaction of Li2S to
polysulfide in the first charge, resulting in lower energy barrier. The results also show that the
combination of physical and chemical interaction with polysulfides can improve the
electrochemical performance of Li2S cathode, presenting a new approach to the design of future
Li2S cathode material. It is very important to explore the performance of full cell using Li 2S
cathode and non-lithium metal anode because Li2S is predestined to couple with non-lithium metal
anode. More importantly, exploring the full cell with a low E/S and A/C will be practically
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meaningful. Unfortunately, many published papers about Li 2S ignored the full cell test with a low
E/S and A/C. Here, we synthesized core-shell Si/C anode to be coupled with Li2S-HCS/CoS2 and
the full cell, with a low E/S (4µl mg-1) and A/C (1.5), shows good performance with a specific
capacity of 650 mA h g-1 and a capacity retention of 65% after 50 cycles, leading to an energy
density of 130 Wh kg-1. It indicates that we still need to address many challenges to achieve a Liion/sulfur battery with the energy density above 300 Wh Kg-1.

6.2 Experimental
Synthesis of Si@C: The synthesis method for Si@C followed a report published by Wei et al. [223]
Typically, commercial silicon nanoparticles (30-50 nm in size) were used as templates. 0.6 g of
silicon nanoparticles and 1.84 g of hexadecyltrimethylammonium bromide were added to 56.32 ml
of distilled water. The obtained mixture was ultrasonically treated for 1 h to form a well-dispersed
suspension. Subsequently, ethanol (22.56 ml), resorcinol (0.56 g), and ammonia (0.2 ml) were
added to the above suspension, and the suspension was then stirred at 35 oC for 50 min.
Afterwards, 0.8 ml of formaldehyde solution (35%) was added dropwise to the obtained
suspension, which was stirred at 35 oC for 6 h, followed by being aged for 12 h at room
temperature. The obtained mixture was centrifuged 7 times (the first 5 times with deionized water
and the last 2 times with ethanol) until the surfactant was completely washed away. Subsequently,
the Si@RF (RF = resorcinol-formaldehyde resin) core-shell material was collected and dried at 60
o

C for 16 h. The Si@RF was then heated at 900 oC for 5 h in nitrogen atmosphere with a ramp rate

of 4 oC min-1 and nitrogen flow of 0.7 L min-1 to prepare the core-shell Si@C material.
The yolk-shell Si@C anode was synthesized based on following procedures. Specifically, 3aminophenol (1.6 g) and cetyltrimethylammonium bromide (CTAB) (0.48 g) were dissolved in a
mixed solvent of deionized (DI) water (320ml) and ethanol (160ml). Afterwards, Si nanoparticles
(80 mg) was suspended in the solution by ultrasonication for 1h. Then, formaldehyde solution (1.6
ml) and ammonium solution (1.6 ml) were added into the above suspension. After 30 min, acetone
(320 ml) was added to etch the interior part of the nanospheres, and was followed by further
stirring for 30 min. The products were obtained after washing with ethanol and DI water several
times, and drying at 60 oC overnight. The yolk-shell Si@C was acquired after heating the above
product at 1000 oC for 6 h in nitrogen atmosphere.
Synthesis of Hollow Carbon Spheres (HCS): the as-prepared Si@C was added into 2 M NaOH,
and the mixture was kept at 50 oC for 48 h under stirring to thoroughly etch the silicon away.
Subsequently, the obtained suspension was washed three times by centrifugation with deionized
water to enable collection of the hollow carbon spheres (HCS). The sample was then dried at 80
o

C for 48 h.

Synthesis of the Hollow Carbon Sphere/CoS2 nanoparticle (HCS/CoS2) composite: CoS2
nanoparticles were uniformly distributed in the HCS using a method reported by Pandian Ganesan
et al.[223] Briefly, 1.164 g of Co(NO3)2∙6H2O (0.004 mol, Sigma Aldrich) was dissolved in 10 ml of
hot butanol (Sigma Aldrich). Then, 1.216 g of thiourea (0.016 mol, Sigma Aldrich) was added into
above solution. The obtained mixture was heated to its boiling point until all the solids were
dissolved, which was indicated by the colour change of the solution from red to blue. Then, the
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solution was cooled to room temperature, and some cobalt thiourea complex (Co(TU) 4(NO3)2) was
precipitated from the solution. The precipitate was washed with diethyl ether by centrifugation to
collect Co(TU)4(NO3)2, and the obtained Co(TU)4(NO3)2 was dried at 60

o

C for 36 h.

Subsequently, about 150 mg of hollow carbon spheres was mixed with 6.5 mL of acetone and was
sonicated until the hollow carbon spheres were well dispersed. Then, about 0.06 g of cobalt
thiourea complex, Co(TU)4(NO3)2, was added to the suspension and stirred for 19 h at 35 °C until
all the solvent was evaporated. The dried sample was heated for 2 h in Ar flow of 0.7 L min -1 to
obtain the HCS/CoS2 composite at 400 °C. The percentage of CoS2 was calculated to be 20%.
Synthesis of Li2S-Hollow Carbon Sphere (Li2S-HCS) and Li2S-Hollow Carbon Sphere/CoS2
composite (Li2S-HCS/CoS2): Li2S solution dissolved in ethanol (0.55 M) was added to the hollow
carbon spheres and the hollow carbon spheres/CoS2, respectively. The obtained suspension was
put on a hot plate and heated at 70 °C with stirring until the sample was dried. Figure A3.1 in
Appendix 3 shows that an unknown phase is present in the Li2S-HCS after drying at 70 °C,
implying that the Li2S and ethanol molecules form a crystal complex. To thoroughly remove the
ethanol, the sample was further heated at 350 °C for 3 h in a furnace under flowing argon with a
heating rate of 5 °C min-1. After annealing, the Li2S-hollow carbon sphere sample was denoted as
Li2S-HCS, while the annealed sample of Li2S-hollow carbon sphere/CoS2 was denoted as Li2SHCS/CoS2.
Electrochemical measurements: Because Li2S is very sensitive to moisture, the Li2S electrode
was prepared in an Ar glove box in which the levels of both moisture and oxygen were less than
0.1 ppm. The Li2S-HCS and Li2S-HCS/CoS2 samples were ground with carbon black (Super P)
and polyvinylidene fluoride (PVDF) binder for 5 min in a weight ratio of 8:1:1, followed by the
addition of N-methyl-2-pyrrolidinone. The thus-formed slurry was mixed with a pestle in a mortar
for another 5 min and coated on carbon paper. The obtained electrodes were dried at 80 °C on a
hotplate placed in the glove box. The mass loading of Li2S was controlled to be ~0.9, ~2.0 or ~3.0
mg cm-2 by adjusting the blade height. For the preparation of the Si/C anode. Si@C was mixed
with carbon black (Super P) and carboxymethyl cellulose (CMC) binder for 20 min in a weight
ratio of 8:1:1, followed by the addition of analytical water. Subsequently, the obtained slurry was
coated on the copper foil. The loading of electrodes was 0.8 mg cm-2 after drying at 80 °C in
vacuum for overnight.
The dried electrodes (Li2S and Si@C electrodes) were used as cathodes for assembly in coin cells
with lithium metal as the anode and polypropylene as the separator. The electrolyte was a solution
of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.1 M LiNO 3 in a mixed solvent
of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) (1:1, v/v). 20 μl of electrolyte was
added to each coin cell. Full cells were assembled using Li 2S-HCS/CoS2 as cathode and Si@C as
anode with 4 of E/S (µl mg-1) and 1.5 of A/C. Galvanostatic cycling was performed on a Land
battery tester (Wuhan, China). The Li2S was activated by charging to 3.8 V at 0.02 C for half cells
and to 3.6 V at 0.02C for full cells (1 C = 1166 mA g -1) in the initial charging process, followed by
charge-discharge testing between 1.8 V and 2.8 V vs. Li +/Li for the half cell and between 1.0 V
and 3.0 V for the full cell. All the specific capacities obtained were calculated based on the mass
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of Li2S. As each electrode contained 0.45 mg of Li 2S, the specific capacity of HCS and HCS/CoS2
was normalized based on the mass of Li2S. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed on a Biologic VMP3 electrochemical workstation.
CV was conducted between 1.8 V and 3.8 V for the initial cycle, 1.8 V and 2.8 V for the following
cycles. EIS was performed with a bias voltage of 5 mV and within the frequency range of 100
mHz to 1 MHz at room temperature.
Characterization: Due to the sensitivity of the Li2S to moisture, good care had to be taken when
the samples containing Li2S were characterized. X-ray diffraction was performed on a GBC MMA
X-ray Diffractometer with a scan rate of 2 o min-1. Samples consisting of Li2S were protected from
moisture using Kapton tape when X-ray diffraction (XRD) was conducted. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were conducted on a JEOL
JSM-7500 field emission scanning electron microscope. Raman spectroscopy was carried out
using a JY HR 800 Raman System. Transmission electron microscopy (TEM) was performed on a
JEOL JEM-2010 transmission electron microscope. Scanning transmission electron microscopy
(STEM) was conducted on a JEOL ARM-200F. Thermogravimetric analysis (TGA) was
performed on a TGA/DSC 1 STAR System from METTLER TOLEDO in flowing air with a
heating rate of 5 oC min-1. BET area was tested using BET Nova 1000. Prior to N 2 absorptiondesorption analysis at 77 K, the samples were degassed at 200 oC for 24 h. X-ray photoelectron
spectroscopy (XPS) was conducted using a SPECS PHOIBOS 100 Analyser installed in a highvacuum chamber with the base pressure below 10–8 mbar. X-ray excitation was provided by Al
Kα radiation with photon energy hν = 1486.6 eV at the high voltage of 12 kV and power of 120
W. XPS binding energy spectra were recorded with the pass energy of 20 eV and step width of
0.05-0.3 eV in the fixed analyser transmission mode. Analysis of the XPS data was carried out
using the commercial CasaXPS2.3.15 software package.
In-situ synchrotron XRD measurements: The coin cells that were used in the in-situ synchrotron
XRD measurements were similar to those used in the normal electrochemical testing. The negative
and positive caps for the in-situ coin cells had holes with a diameter of 4 mm, ensuring that the Xray beam was able to penetrate the whole cell and enable us to monitor the phase changes during
operation of the coin cell. To prevent Li2S and lithium metal from being contaminated with
moisture and oxygen during charge and discharge, aluminium tape and copper tape were used to
cover the holes in the negative and positive cap, respectively, isolating the Li2S and lithium metal
from the atmosphere. The wavelength of the X-rays was 0.82505 Å. In-situ XRD patterns of the
coin cells were collected at the Powder Diffraction (PD) beamline, Australian Synchrotron
(ANSTO) in transmission mode by a Mythen-II detector every 8 min when the coin cells were
operating at the current rate of 0.02 C in charge and 0.1 C in discharge.

6.3 Results and discussion
A schematic illustration of the synthesis process for Li2S-HCS/CoS2 composite is presented in
Figure 6.1. Firstly, silicon nanoparticles were coated to form core-shell structures with resorcinolformaldehyde resin as the shell, which was generated by the polymerization of resorcinol and
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formaldehyde. Subsequently, hollow carbon spheres (HCS) were obtained by a calcination and
etching process. Then, Co(TU)4(NO3)2 was precipitated on the inner and outer walls of the HCS,
and HCS/CoS2 composite was acquired by heat treatment of HCS/Co(TU) 4(NO3)2 for 2 h at 400
o

C. Finally, composites of Li2S with HCS/CoS2 or HCS were formed by mixing them with Li 2S

solution in ethanol and evaporating the ethanol.

Figure 6.1 Schematic illustration of the synthesis process for Li2S-HCS/CoS2 composite.

SEM images of the Si nanoparticles is shown in Figure A3.2 in Appendix 3. The Si nanoparticles
have a fairly uniform size with diameters of 30-50 nm. Figure 6.2a presents an SEM image of the
Si@C nanoparticles. It can be seen that the Si@C nanoparticles are interconnected with each
other, which will be beneficial for electron pathways to enhance the accessibility of the active
material. From the TEM image of Si@C shown in Figure 6.2b, it is obvious that the Si@C has a
core-shell structure with Si as the core and the carbon layer as the shell. SEM and TEM images of
the hollow carbon nanospheres, which were obtained through the carbonization of Si@RF and
etching of Si@C, are shown in the Figure 6.2c&d, respectively. The hollow carbon nanospheres
have a distinct hollow structure with some open pores. The EDX spectra in Figure A3.3 in
Appendix 3 show that no Si signal was detected from the hollow carbon nanospheres, while a
strong signal of Si was observed for Si@C. Consistently, the XRD patterns of Si@C and HCS in
Figure A3.4 in Appendix 3 show that Si@C has strong peaks attributable to Si, while, in contrast,
no Si peak from HCS can be identified. Both EDX and XRD reveal that the Si element was
completely etched away by the NaOH solution.
The XRD patterns of HCS and HCS/CoS2 are shown in Figure 6.3a. The HCS/CoS2 sample shows
obvious peaks ascribed to CoS2, indicating the successful impregnation of CoS2 into the HCS. In
addition, the Raman spectra of HCS and HCS/CoS 2 in Figure A3.5 in Appendix 3 show
characteristic peaks of the HCS at 1348 cm-1 and 1600 cm-1 that are attributable to their carbon
material. The G band around 1600 cm-1 is from the vibration of sp2-bonded carbon atoms in
hexagonal graphitic rings, and the D band around 1348 cm-1 is ascribed to the sp3-bonded carbon
atoms of defects and disorder.[224] The ratio of the intensity of the D band to that of G band (ID/IG)
is usually used to estimate the microcrystalline planar size La.[225] ID/IG for HCS is 1.62, indicating
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that the microcrystalline planar size La is 2.76 nm. The small size of La indicates that HCS has a
low degree of graphitization due to the relatively low carbonization temperature. Meanwhile,
HCS/CoS2 shows another two pronounced peaks at 290 cm-1 and 388 cm-1 that are ascribed to
CoS2, which also indicates that HCS/CoS2 composite was successfully obtained.[226-227]

Figure 6.2 (a) SEM image of Si@C nanoparticles, (b)high resolution TEM (HRTEM) image of Si@C
nanoparticle, (c) SEM image of hollow carbon nanospheres (HCS), (d) HRTEM image of hollow carbon
nanospheres (HCS), (e) SEM image of HCS/CoS2, (f) HRTEM image of HCS/CoS2, (g) SEM image of Li2SHCS/CoS2 (h, i) HRTEM image of Li2S-HCS/CoS2, with the higher resolution in the insets of (i), (j)
scanning TEM (STEM) image of Li2S-HCS/CoS2, and (k-m) EDX mapping images of (j).

XPS was applied to explore the changes before and after the CoS 2 was impregnated into the HCS,
and the results are shown in Figure 6.3. The full spectra in Figure 6.3b reveal that the elements O,
N, and C can be detected for both samples, while the signals from the elements S and Co are not
obvious. Therefore, high resolution spectra of Co and S were collected for further analysis, as
shown in Figure 6.3c and Figure 6.3d. The peak at 779 and 796 eV is attributable to Co 2p in
CoS2,[228] and the peak at 162 eV is attributed to the S element of CoS2.[229] The XPS results are
consistent with the XRD, proving that the CoS2 has been successfully integrated into the HCS.
Figure A3.6 in Appendix 3 shows that the peak at 399 eV is from N 1s orbitals, demonstrating
that the hollow carbon in both samples is nitrogen-doped, mainly because the sample was obtained
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by heating in nitrogen atmosphere. Nitrogen-doped carbon material is conducive to the
performance of Li2S cathode, as there have been many reports that nitrogen-doped carbon can
improve the performance of S cathode because it mitigates the shuttle effect by chemically binding
polysulfide ions. Furthermore, the SEM and TEM images of HCS/CoS 2 in Figure 6.2e&f show
the morphology and structure of HCS/CoS2. We can see that the CoS2 nanoparticles are
approximately 10 nm in size and uniformly distributed inside and outside of the HCS, indicating
that the method adopted here is very effective for synthesizing HCS/CoS 2 nanoparticle composite.
The nanosize CoS2 may provide more active sites to accelerate the oxidation of Li2S.
Thermogravimetric analysis (TGA), as shown in Figure A3.7 in Appendix 3, was used to further
explore the HCS/CoS2 composite. For CoS2 decomposition, there are two stages of mass change.
The loss of absorbed moisture and gas takes place from 50 oC to 200 oC. Subsequently, CoS2
begins to lose sulfur element so as to transform into the more stable sulphate from 200 oC to 520
o

C.[230] For HCS/CoS2, weight loss from 50 oC to 200 oC is due to the removal of absorbed

moisture and gas, while the burning of carbon and loss of sulfur element contribute to the mass
reduction from 200 oC to 510 oC. The weight losses of CoS2 and HCS/CoS2 were found to be
56.0% and 89.4%, respectively. Based on the results obtained, it can be determined that the
percentage of CoS2 in the HCS/CoS2 composite is 18.93%, which is close to what is expected. The
specific surface area of HCS and HCS/CoS 2, shown in Figure A3.8 in Appendix 3, is 508 m2 g-1
and 476 m2 g-1, respectively.

Figure 6.3 (a) XRD patterns of HCS and HCS/CoS2. (b) XPS survey spectra of HCS and HCS/CoS2. (c) Fine
XPS spectra of Co element in HCS and HCS/CoS2. (d) Fine XPS spectra of S element in HCS and
HCS/CoS2.
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Figure 6.4 shows the XRD patterns of the samples containing Li2S active material. It can be seen
that the Li2S-induced peaks are dominant in the XRD pattern of Li2S-HCS after heat treatment at
350 oC. No other peaks are observed for the Li2S-HCS sample. Peaks from both Li2S and CoS2 are
detected in Li2S-HCS/CoS2, demonstrating that CoS2 does not change after Li2S is integrated into
the HCS/CoS2 composite.
SEM image of Li2S-HCS/CoS2 is shown in Figure 6.2g. Compared with the SEM image of
HCS/CoS2, it is good evidence that the Li2S is distributed inside and outside of the hollow carbon
spheres, because the Li2S-HCS/CoS2 sample shows no transparent feature, which is unlike the
HCS sample. The EDX mapping shown in Figure A3.9 in Appendix 3 indicates that the sulfur,
nitrogen, and cobalt are uniformly distributed in the Li 2S-HCS/CoS2 sample. The uniform
distribution of Li2S in the carbon matrix and the good contact between Li 2S and carbon will also
provide a good electrical network for electrochemical reactions. The SEM image of Li2S-HCS
(Figure A3.10a in Appendix 3) shows a similar morphology to that of Li2S-HCS/CoS2. TEM
images of Li2S-HCS/CoS2 are shown in Figure 6.2. Figure 6.2h shows that Li2S is distributed
both inside and outside of the HCS, leading to a larger area for electrochemical reactions. In the
high-resolution (HR) TEM image of Li2S-HCS/CoS2 (Figure 6.2i), two different types of lattice
fringes can be observed, in which the spacing of one type is 0.323 nm and can be attributed to the
(111)Li2S planes, while that of the other type is 0.276 nm and is characteristic of the (200) CoS2
planes. In contrast, the HRTEM image of Li2S-HCS, as shown in Figure A3.10b in Appendix 3,
only presents one type of lattice fringe, corresponding to the (111) planes of Li2S crystal. The fine
element mapping of C, Co, and S, as in Figure 6.2k, l, m, shows that the Li2S is distributed
uniformly in the carbon matrix and that the CoS2 is embedded in the Li2S. The good contact
between Li2S and CoS2 will make the composite more capable of trapping polysulfide and
catalysing electrochemical reactions.

Figure 6.4 (a) XRD patterns of Li2S-HCS/CoS2, Li2S-HCS, and Kapton tape (protecting Li2S from
moisture). (b) Raman spectra of Li2S, CoS2, Li2S-HCS, and Li2S-HCS/CoS2.

The cyclic voltammetry (CV) curves of Li2S-HCS/CoS2, Li2S-HCS, and Li2S-Super P in the initial
cycle at a scan rate of 0.05 mV s-1 are shown in Figure 6.5a. There are typical peaks attributable
to the redox reactions of the Li2S cathode. The anodic peak at 3.4 V is from the oxidation of Li 2S
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to S. The high overpotential in the initial cycle of Li 2S cathode is caused by high resistance to the
charge transfer at the Li2S cathode/electrolyte interface.[13] The two cathodic peaks at 2.3 V and
2.0 V are ascribed to the reduction of S to polysulfide and of polysulfide to Li 2S2 and Li2S,
respectively. From Figure 6.5b, we note that the onset potential (marked with blue squares) of
Li2S-HCS/CoS2 is 3.09 V, while those of Li2S-HCS and Li2S-Super P are 3.18 V and 3.3 V,

Figure 6.5 (a) Cyclic voltammograms of Li2S-HCS/CoS2, Li2S-HCS, and Li2S-Super P in the initial cycle at
scan rate of 0.05 mV / s. (b) Corresponding onset potentials and peak currents of these three samples. (c)
Electrochemical impedance spectra of Li2S-HCS/CoS2, Li2S-HCS, and Li2S-Super P, with the inset the
magnified plot marked by the red rectangle. (The equivalent circuit is shown in Figure A3.12a in Appendix
3) (d) Corresponding impedances of the three samples. (e) Enlarged plot in the cyan square. (f) The Tafel plot
derived from (e).

respectively. The cyclic voltammetry (CV) curves of HCS/CoS 2 and HCS in the initial cycle at the
scan rate of 0.05 mV s-1 are also shown in Figure A3.11 in Appendix 3. The two curves show
almost the same pattern. The two samples show the onset of the current at 3.4 V due to electrolyte
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composition, indicating that the difference in the onset potential was caused by the catalytic effect
of CoS2 rather than the storage capacity of CoS2. In addition, Li2S-HCS/CoS2 has the highest peak
current for peak A, peak B, and peak C. The current for peak A, peak B, and peak C of Li 2SHCS/CoS2 is 1.28, 0.43, and 1.46 A g-1, respectively, while that for Li2S-HCS is 1.24, 0.4, and1.22
A g-1 and that for Li2S-Super P is only 0.6, 0.34, and 0 A g-1 (no peak C for Li2S-Super P).
Electrochemical impedance spectra (equivalent circuit shown in Figure A3.12a in Appendix 3)
were collected to clarify the kinetic properties of the three samples. The impedance plots are
shown in Figure 6.5c. The charge transfer resistance for Li2S-HCS/CoS2 is 41.89 Ω. In contrast,
those for Li2S-HCS and Li2S-Super P are 60.87 Ω and 521 Ω, respectively, as shown in Figure
6.5d. The samples Li2S-HCS/CoS2 and Li2S-HCS have almost the same slope value in the plot of
Z’ (the real part at low frequency in Nyquist plots) vs. ω -1/2 (ω refers to frequency, Figure A3.12b
in Appendix 3), indicating the CoS2 addition impose no effect on the Li-ion diffusion within the
electrode. We extract the CV plot of anodic peak from 3.33 V to 3.38 V (Figure 6.5e). Tafel plot
can be obtained by plotting potential vs ln(i) (i: the current density in Figure 6.5e), by which it can
be calculated that the exchange current density of Li2S-HCS and Li2S-HCS/CoS2 are 3.63 and 4.26
mA g-1, respectively, providing direct evidence that CoS2 can boost oxidative reaction of Li2S
(Figure 6.5f). Both the CV curves, the impedance spectra and Tafel plots reveal that CoS2 can
accelerate the electrochemical reactions and enhance the kinetics of charge transfer between the
cathode and the electrolyte.[231]

Figure 6.6 (a) Initial cycle voltage profiles; (b) Rate capability; (c) Cycling performance of Li 2S-HCS, Li2SHCS/CoS2, and Li2S-Super P at 0.5 C with the loading mass of 0.9 mg cm-2 (0.45 mg Li2S in each electrode).

The electrochemical performances of Li2S-HCS/CoS2, Li2S-HCS, and Li2S-Super P are shown in
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Figure 6.6. In the first charge-discharge plots, as shown in Figure 6.6a, Li2S cathode was initially
charged to 3.8 V at the rate of 0.02 C, indicating an obvious energy barrier in the early stage of the
charging process, which is a typical feature of crystalline Li 2S. The voltage gradually increases to
3.8 V after the energy barrier. Li2S-HCS/CoS2 has the lowest energy barrier and delivers the
highest specific capacity of 831 mA h g-1, mainly because CoS2 has a good catalytic effect on the
oxidation of Li2S and its good catalysis is probably attributable to the nanoscale CoS 2. In contrast,
the initial specific capacity of Li2S-HCS and Li2S-Super P is just 722 and 670 mA h g-1,
respectively, which are much lower than that of Li2S-HCS/CoS2. To verify that the higher capacity
of Li2S-HCS/CoS2 is due to the catalytic effect of CoS2 rather than the storage contribution of
CoS2, HCS/CoS2 and HCS were tested. The results are shown in Figure A3.13 in Appendix 3,
where the capacities of HCS/CoS2 and HCS are almost the same, which was mainly attributed to
the storage capability of the carbon material, proving that the higher capacity of Li 2S-HCS/CoS2 is
due to catalytic effect of CoS2.

Figure 6.7 The initial charge-discharge profiles of the in-situ cell with (a) Li2S-HCS as cathode material and
(b) Li2S-HCS/CoS2 as cathode material; Phase change as shown in the XRD patterns of (c) Li 2S-HCS and (d)
Li2S-HCS/CoS2 in the first cycle.

To explore the catalytic ability of CoS2 to reduce the activation barrier of Li2S, in-situ synchrotron
XRD was carried out to illuminate the catalytic mechanism. Figure 6.7 shows the phase evolution
in the first charge-discharge process. Synchrotron XRD shows that Co 8S9 exists in the Li2SHCS/CoS2 sample, which was probably produced in the synthesis process for CoS 2. During
charging of Li2S-HCS, a peak attributed to sulfur appears at point 4 (about 160 mA h g -1, 14.3%
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state of charge (SOC)) right after the activation energy barrier, which is consistent with a report by
Amine’s group that the sulfur peak appears at the SOC of about 15 %. [88] The peaks associated
with Li2S vanish at point 10 (about 506 mA h g-1, 45.2% SOC). Whereas, for Li 2S-HCS/CoS2, the
S8 peak was observed at point 9 (about 450 mA h g -1, 37.5% SOC), which is much later than that
for Li2S-HCS. In addition, the S8(313) peak at about 15 o is not obvious, indicating that the S8 is
crystalline but of poor quality, which may be owing to the catalytic effect of CoS 2. The Li2S peaks
diminish at the same point (point 9), which is earlier than the point for Li2S-HCS, as shown in
Figure 6.7b&d. Zhang et al. reported that Li2S is directly transformed to S via a two-phase
reaction process without the formation of intermediate polysulfides in the initial charge, [12] which
can explain why the sulfur phase always appears at a very early stage of charge (at the SOC of
about 15 %). Figure 6.7 shows that the sulfur phase appears much later for Li 2S-HCS/CoS2 than
for Li2S-HCS, indicating that Li2S-HCS undergoes a two-phase process in the first charge. The
much later appearance of S phase and the poorer quality of S 8 in Li2S-HCS/CoS2, however, signals
that Li2S takes a different charging route from Li2S-HCS. The later appearance of the sulfur phase
and poorer quality of S8 are expected if intermediate polysulfides are generated in the first charge,
because Li2S has to experience three processes to be oxidised to S8 (solid to liquid, liquid to solid,
and solid to solid). Therefore, we believe that CoS 2 can catalyse the formation of polysulfide,
resulting in a lower activation barrier and delayed formation of sulfur phase. This means that the
CoS2 can efficiently transform Li2S to S by boosting the generation of intermediate polysulfides,
resulting in a lower activation barrier. To thoroughly understand the detailed process of the
mechanism, a new application for in-situ synchrotron XRD (Application ID: M16379, Australian
Synchrotron) has been submmited to further reveal the mechanism.
The first three cycles of Li2S-HCS/CoS2 are presented in Figure A3.14 in Appendix 3, and the
initial specific capacity is 831 mA h g-1. The specific capacity in the second cycle, however,
dramatically decreases to only 722 mA h g-1. This phenomenon is very common and has been
reported many times in the literature on Li-S batteries.[155, 232-233] To the best of our knowledge, the
mechanism for the rapid fading between the first and second cycles has not been studied in detail.
Nevertheless, some reports in the literature may give some hints on the mechanism. Ran et al.
reported that the sulfur cathode undergoes pronounced morphological and structural changes in the
first 10 cycles.[234] Specifically, the electrode surface becomes smoother and less conductive with
cycling. This indicates that more and more Li2S is deposited and aggregated on the electrode
surface during cycling, reducing electrochemical access to the active material. In addition, Yan et
al. quantitatively analysed the polysulfide dissolution in the electrolyte during cycling. [235] They
found that 45% of the sulfur element was preserved in the electrolyte, mainly in the form of Li 2S6
at the end of the first charge, implying that unreacted sulfur element is largely responsible for the
capacity fade in the initial cycles. We can speculate that the deposition of Li 2S on the electrode
surface and its dissolution in the electrolyte are the two major causes for the capacity fade in the
first two or three cycles. They both originate from the dissolution of polysulfide, leading to a large
capacity difference between the first and second cycle. Therefore, it can be concluded that the
hollow carbon spheres and CoS2 cannot constrain all the dissolved polysulfide. Actually, it has not
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been reported that any particular material can trap 100 % of the polysulfide. After the first cycle,
the second and third cycles become much more stable, suggesting that the polysulfide is
effectively trapped in the following cycles.
The rate capabilities of Li2S-HCS, Li2S-HCS/CoS2, and Li2S-Super P are shown in Figure 6.6b.
Li2S-HCS/CoS2 shows better rate capability than the other two samples. Li 2S-HCS/CoS2 delivers
394 mA h g-1 at 2 C and 321 mA h g-1 at 5 C, while Li2S-Super P just delivers 254 mA h g-1 at 2 C
and 195 mA h g-1 at 5 C. Both Li2S-HCS and Li2S-HCS/CoS2 show much better rate capability
than Li2S-Super P, demonstrating great enhancement of the rate capability due to the better
electron pathways and polysulfide confinement provided by HCS and CoS 2 (Figure A3.15 and
Figure A3.16 in Appendix 3).
Figure 6.6c presents the cycling performances of Li2S-HCS and Li2S-HCS/CoS2 at 0.5 C. Over
100 cycles, the specific capacity of the Li 2S-HCS/CoS2 sample decreased from 655 mA h g-1 to
521 mA h g-1, corresponding to capacity retention of 79.5%, while that of the Li2S-HCS sample
decreased from 617 mA h g-1 to 400 mA h g-1, corresponding to capacity retention of 64.8%. Li 2SSuper P, however, shows the poorest cycling performance, with the capacity decreasing from 437
to 297 mA h g-1. In order to investigate the cycling performances of Li 2S-HCS and Li2SHCS/CoS2 at higher mass loading, we increased the mass loading of Li 2S from 0.9 mg cm-2 to 2
mg cm-2 for Li2S-HCS/CoS2 and Li2S-HCS. The cycling performances are shown in Figure
A3.17a in Appendix 3, with capacity fade from 646 to 441 mA h g-1 for Li2S-HCS/CoS2 and 555
to 358 mA h g-1 for the Li2S-HCS after 100 cycles. Moreover, Li2S-HCS/CoS2 also shows higher
stability, larger capacity (Figure A3.17b in Appendix 3) and slower self-discharge (Figure A3.18
in Appendix 3) than Li2S-HCS at high Li2S loading of 3.2 mg cm-2, demonstrating better
polysulfide confinement of Li2S-HCS/CoS2. The improved electrochemical performance of Li 2SHCS/CoS2 can be interpreted as due to the synergistic effects of HCS and CoS2. Hollow carbon
spheres have been reported as a carbon matrix for the Li-S battery in previous reports. It has been
demonstrated that the high specific surface area of HCS can physically benefit the deposition of
Li2S or Li2S2, as well as constraining high-order polysulfides. The lower-order polysulfides with
smaller molecular structure, however, can still penetrate the walls of the carbon spheres through
the pores. CoS2, however, is able to confine the various polysulfides through chemical bonding
between Co and the polysulfide ions, even if the polysulfide molecules are very small, which has
been reported by several researchers.40 Figure A3.19 in Appendix 3 shows that, due to the strong
interaction of CoS2 and small-molecule Li2S4, the CoS2 almost decoloured the Li2S4 solution in
DME. The colour of the solution with HCS as absorbent is slightly lighter than the control one,
indicating that there was only slight confinement of Li2S4 through physical interaction with HCS.
The constraint of polysulfides through chemical bonds is independent of carbon walls or other
physical barriers. Therefore, a composite of hollow carbon spheres with CoS 2 can more effectively
prevent the diffusion of both small molecule (Li 2S4) and big molecule (Li2S6, Li2S8) polysulfides.
In addition, the nanosize particles of CoS2, unlike microsize particles, can be distributed in the
carbon matrix more uniformly and provide more active sites for the absorption of polysulfide. [54]
Moreover, CoS2 has high electronic conductivity and is capable of facilitating the charge transport.
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The cyclic voltammetry after 100 cycles (Figure A3.20a in Appendix 3) further confirms that
HCS/CoS2 has stronger polysulfides absorption than HCS, in which HCS/CoS2 has higher the
anodic and cathodic peak than HCS.
Figure A3.20b in Appendix 3 shows the CV plots of the first three cycles for Li2S-HCS/CoS2.
The plots indicate the very stable positions and intensities of the anodic and cathodic peaks for the
second and third cycles, demonstrating that the HCS/CoS2 is a good matrix for Li2S cathode
material due to its good electronic conductivity and the strong constraint that it offers to the
diffusion of polysulfides.
In order to illuminate the contributions of CoS2 and the hollow carbon spheres to the cycling
performance of Li2S-HCS/CoS2, a cathode electrode containing only HCS/CoS2 was used to
assemble coin cells, and the corresponding cycling performance are shown in Figure A3.13b in
Appendix 3. Initially, the electrode delivers capacity of 75 mA h g-1, but it rapidly decreases to
about 10 mA h g-1 in just five cycles. Subsequently, the capacity stabilizes at 10 mA h g -1 in the
following cycles. This reveals that CoS2 makes only a limited contribution to the capacity of the
Li-S battery, in particular, when the cycling lasts for 100 cycles.

Figure 6.8 SEM images of (a) fresh electrode, (b) 20-cycle electrode, (c) 50-cycle electrode, and (d) 100cycle electrode of Li2S-HCS/CoS2.

To further prove that the HCS/CoS2 is more capable of trapping polysulfide than HCS,
morphological changes in the cathode electrode after cycling were explored ex situ. We
disassembled the coin cells when they were fresh, after 20 cycles, 50 cycles, and 100 cycles for
Li2S-HCS/CoS2, Li2S-HCS, and Li2S-Super P. SEM images of the uncycled and cycled Li2SHCS/CoS2 and Li2S-HCS electrodes are shown in Figure 6.8 and Figure 6.9, respectively. The
electrode surfaces show pronounced changes after cycling. Specifically, the rough and porous
surfaces gradually became smooth and compact, which is consistent with the results reported by
Ran et al.38 This indicates that the capacity fade is largely caused by the dissolution of polysulfide
and the irreversible deposition of Li2S on the electrode surface, leading to the smoothness and
compactness of the electrode surface. We believe that such a morphological transformation will
block the diffusion of Li+ and decrease the electrochemical access to Li2S, thus damaging the
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cycling performance. Comparing the surface changes of the cycled electrodes of Li 2S-HCS/CoS2
and Li2S-HCS, Li2S-HCS experienced a more rapid change than Li2S-HCS/CoS2. After 20 cycles,
almost no porous structure is preserved for Li2S-HCS, while in contrast, the Li2S-HCS/CoS2
electrode still has rich porous structure. After 50 and 100 cycles, the surface of the Li 2S-HCS
electrode had become more and more smooth, ending up with no pores and a layer of covering
material on the surface. Some big pores, however, can be still observed on the surface of the Li2SHCS/CoS2 electrode. Figure A3.21 in Appendix 3 demonstrates that the surface of Li2S-Super P
electrode undergoes a faster transformation to smoothness than the Li 2S-HCS/CoS2 and Li2S-HCS
electrodes after the same number of cycles. Therefore, we can conclude that HCS/CoS2 is more
capable of absorbing polysulfide than HCS or Super P, resulting in better electrochemical
performance for Li2S-HCS/CoS2.

Figure 6.9 SEM images of (a) fresh electrode, (b) 20-cycle electrode, (c) 50-cycle electrode, and (d) 100cycle electrode of Li2S-HCS.

To test the performance of Li2S-HCS/CoS2 in the full cell. The cathode electrodes of Li 2SHCS/CoS2 were coupled with core-shell Si@C anode. Figure A3.22 in Appendix 3 shows an
SEM image of yolk-shell Si@C. Multiple silicon nanoparticles are included in one carbon sphere,
as in a the multiple-yolk egg. The capacity ratio of anode to cathode is 1.5 and E/S was designed
to be 4 µl mg-1. The performance of a Li||yolk-shell Si@C half cell is shown in Figure A3.23 in
Appendix 3. Figure 6.10 presents charge-discharge profiles and the cycling performance of the
full cell. The initial charge capacity reaches 1222 mA h g-1, consistent with theoretical capacity of
1166 mA h g-1 for Li2S. The extra capacity (60 mA h g-1) may be contributed by the decomposition
of electrolyte, because Figure A3.11 in Appendix 3 shows that the electrolyte will be
decomposed above 3.4 V vs Li/Li+. The discharge capacity, however, is just 650 mA h g-1 at an
average voltage of 1.6 V, leading to an energy density of 130 Wh kg -1 (calculation is based on the
mass of cathode, electrolyte and anode). The low Coulombic efficiency (53.2%) is attributable to
the poor reversibility of Si@C anode in the initial cycles. The specific capacity decreases to 539.6
mA h g-1 after 10 cycles and to 423.3 mA h g-1 after 50 cycles.
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Figure 6.10 Charge-discharge profile (a) and cycling performance (b) of yolk-shell Si@C||Li2S-HCS/CoS2
full cell.

6.4 Conclusion
In order to commercialize the Li-S battery and explore the relatively more practical Li 2S cathode
material for the Li-S battery compared with S, we successfully synthesized HCS/CoS2 and Li2SHCS/CoS2 composite cathode materials and investigated the effects of HCS/CoS2 on the
electrochemical performance of Li2S cathode. Subsequently, the material was characterized by
XRD, SEM, TEM, XPS, cyclic voltammetry, and charge-discharge testing. We found that HCS is
an effective carbon matrix for the Li2S cathode. In the initial discharge process, Li 2S-HCS/CoS2
had the lowest energy barrier and delivered a specific capacity of 831 mA h g -1 with a capacity
retention of 79.5 % after 100 cycles, due to the catalytic effect and polysulfide confinement
provided by CoS2. Li2S-HCS/CoS2 showed better electrochemical performance than Li 2S-HCS
and Li2S-Super P. Li2S-HCS and Li2S-Super P, however, delivered a specific capacity of 720 mA
h g-1 and 670 mA h g-1, respectively, in the initial discharge with a capacity retention of less than
70 % after 100 cycles. In addition, Li2S-HCS/CoS2 had much better rate capability than Li2SSuper P, demonstrating the enhanced kinetics of the electrochemical reactions due to the
synergistic effects of HCS/CoS2. Moreover, the yolk-shell Si@C||Li2S-HCS/CoS2 full cell with
low E/S and A/C shows electrochemical performance that is comparable with the previous reports.
Finally, based on the experimental results, we can conclude that HCS is effective for trapping
polysulfide and that CoS2 can not only absorb polysulfides, but can also catalyse the oxidation of
Li2S to polysulfide.
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Chapter 7
Conclusions and outlook
7.1 General conclusions
This thesis aims to provide solutions to the problems of Li-S batteries arising from sulfur cathode,
electrolyte, and Li2S cathode. The main purpose of this thesis was to propose some well-founded
inspiring ideas for the realization of practical high-energy-density Li-S batteries. For instance,
defect-rich CNTs were applied in sulfur cathode, and the electrochemical performance of the DCNT/S8 was explored. The main aim was to show that the external mediators could be replaced by
internal properties of the carbon matrix. In this case, the impregnation of external mediators can be
removed, simplifying the manufacturing as well as retaining the high conductivity of the carbon
matrix. Meanwhile, comparable electrochemical performance to that of sulfur/external mediators
could be achieved. Analogously, the investigation of low-concentration LiTFSI as a potential
electrolyte for Li-S batteries holds promise to lower the cost of Li-S batteries without sacrificing
the electrochemical performance. LiTFSI lithium salt is expensive and accounts for a large part of
the cost of Li-S batteries. Lowering the concentration is meaningful for commercialization of the
Li-S batteries. Finally, Li2S cathode was studied to develop Li-metal-free Li-ion/sulfur batteries,
with the aim of addressing the safety concerns related to Li metal. The details of the conclusions
are described in the following paragraphs.
A modified method to create defects in carbon nanotubes (CNT) has been introduced here to
anchor polysulfides and accelerate the electrochemical reactions. The defect-rich CNT enabled
dramatic improvement in both cycling and rate performance. A specific capacity of 600 mAh g -1
with a current density of 0.5 C was achieved after 400 cycles, and even at very high current
density (5 C), a specific capacity of 434 mAh g-1 was observed. Cycling stability up to 1000 cycles
was also achieved under the conditions of high sulfur loading and lean electrolyte. The theoretical
calculations revealed that the improvement is mainly attributable to the electronic structure of
defect-rich carbon, which has higher binding energy with polysulfides because of the upshift of
the p-band centre. Furthermore, RDE measurements demonstrated that defect-rich carbon showed
improved kinetics of the sulfur reduction reaction (SRR), accelerating the polysulfide conversion
process and mitigating the shuttling effect. The hope is that this strategy could inspire a novel
method to develop carbon materials with good conductivity and high catalytic activity.
Meanwhile, the replacement of the external mediator with carbon defects will help with the more
efficient manufacturing of the Li-S batteries, making commercial Li-S batteries closer to
application in daily life. In the future, it may be more promising to increase the intrinsic affinity of
carbon with polysulfides, achieving good cycling stability as well as retaining the high
conductivity of the carbon material.
The effects of low-concentration lithium bis-trifluoromethanesulfonimide (LiTFSI) in DME/DOL
on the Li-S batteries were explored. It was found that the electrolyte with 0.5 M LiTFSI showed
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better cycling stability than the standard electrolyte with 1.0 M LiTFSI over 250 cycles under the
condition of high sulfur loading. It was discovered that the low viscosity and good wettability of
the electrolyte with low concentration were the key factors that ensured the good performance of
high-sulfur-loading cathode. In addition, the increased dissolution of polysulfides can facilitate the
polysulfide conversion reaction, resulting in higher available capacity. Furthermore, it was found
that low-concentration electrolyte benefits the stability of Li-electrolyte interface. The electrolyte
with lower concentration could lead to higher content of the organic component in the SEI of
cycled Li metal anode. The flexible and elastic organic components are more capable of
accommodating the large volume changes in the Li metal anode, leading to less breakage of the
SEI and less parasitic reactions. We demonstrated that the low-concentration electrolyte could be
more suitable for high-energy-density Li-S batteries. Firstly, better performance with high sulfur
loading can be achieved with low-concentration electrolyte than with high-concentration
electrolyte. Secondly, the stability of the Li-electrolyte interface can be enhanced due to the high
content of the organic component in the thus-formed SEI, particularly, when the anode has high
areal capacity of the anode.
Another aim was to improve the performance of Li2S cathode for Li-ion/sulfur batteries. CoS2decorated hollow carbon spheres (HCS) were synthesized as a conductive matrix for the Li2S
cathode. The CoS2 can chemically bond with low-order lithium polysulfides. Moreover, CoS2 has
a catalytic effect that can reduce the energy barrier in the first charge. This reveals that CoS2 can
boost the electrochemical reactions from Li2S to polysulfide and act as a redox mediator, lowering
the overpotential of Li2S in the first charge process, so that there is less electrolyte decomposition,
along with stable cycling performance and higher capacity. The data showed that CoS2-decorated
hollow carbon spheres had a higher initial specific capacity and better capacity retention, with a
specific capacity of 831 mA h g-1 and capacity retention of 79.5% after 100 cycles, which is better
than the performance of Li2S-HCS. The full cell core-shell Si@C||Li2S-HCS/CoS2 showed a
specific capacity of 650 mA h g-1 and a capacity retention of 65% after 50 cycles at an average
voltage of 1.6 V with low electrolyte to sulfur (E/S) and anode to cathode (A/C) ratios. In this
research, we developed a novel Li2S cathode with lower overpotential, which can be applied in Liion/sulfur batteries with no safety concerns originating from the Li metal anode.

7.2 Outlook
In this thesis, efforts have been made to improve the sulfur cathode, to modify the electrolyte and
to develop Li-ion/sulfur batteries to explore the path to commercialized Li-S batteries. Here, we
just give a priliminary results to inspire new directions for the commercialization of Li-S batteries.
As we can see, there is still a long way to go to realize practical Li-S batteries. In order to achieve
this goal, some tough issues need to be overcome. It is necessary to retard the shuttle effect to
achieve a satisfactory lifespan for Li-S batteries. In addition, the power density of Li-S is still not
sufficient for the fast-charge and fast-discharge operations in electric vehicles. Therefore, the
conductivity of sulfur/Li2S cathode must be enhanced to achieve high power density. Another
tough challenge is related to the Li metal anode. The dendrites on the Li metal anode can penetrate
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through the separator and short-circuit the battery, leading to thermal runaway and explosion. This
potential safety hazard is a great barrier to the commercialization of the Li-S batteries. Decades of
devotion to solving this issue have failed, however, to develop a Li metal anode that is safe
enough for practical use. Therefore, the replacement of the sulfur cathode with Li2S cathode and
coupling the Li2S cathode with an Li-metal-free anode is a more practical alternative. Based on the
research on low-concentration, electrolyte with reduced salt content could be a promising way to
develop high-energy-density and low-cost Li-S batteries.
In this thesis, only present experimental results and ideas for the development of Li-S batteries are
presented. Nevertheless, some novel pathways to commercial Li-S batteries have been explored.
For instance, defect-rich CNT was synthesized to confine the polysulfides on the defects. The
defect-rich CNT is still a pure carbon material and possesses satisfactory conductivity. In the
meantime, the defects in the carbon can act as a mediator to trap and catalyze the polysulfide
reactions. That could be another big story if this material could be manufactured on a large scale
and applied widely in Li-S batteries. Obviously, there will be many other problems that need to be
solved for large-scale application. In summary, in future work, some new solutions to the
realization of commercial Li-S batteries will be explored, in the hope that they inspire new
research directions for the development of Li-S batteries.
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Appendices
Appendix 1
Supporting information for Chapter 4

Figure A1.1 Nitrogen absorption-desorption plots of CNT (a) and D-CNT (b).

Figure A1.2 SEM of S8/CNT (a) and S8/D-CNT (b), XRD of S8/CNT and S8/D-CNT (c), TGA of S8/CNT
and S8/D-CNT (d).
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Figure A1.3 Raman spectroscopy of D-CNT/S8.

Figure A1.4 The self-discharge test of S8/CNT and S8/D-CNT electrodes.
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Figure A1.5 Charge-discharge plots and cycling performance of CNT and D-CNT only.

Figure A1.6 The equivalent current circuit applied to fit the impedance plots of S 8/CNT and S8/D-CNT half
cells.

Table A1.1 The conductivity of CNT and D-CNT

Conductivity (S m-

Sample

Resistivity (Ω m)

CNT

6.8 × 10−4

1.47 × 103

D-CNT

7.7 × 10−4

1.30 × 103
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1

)

Figure A1.7 SEM images EDS mapping of Li metal anode after 1000 cycles: The morphology of Li metal
anode cycled with S8/CNT (a) and S8/D-CNT (b) with E/S=10 µl mg-1 and sulfur loading of 5.2 mg cm-2,
EDS mapping and element spectrum of Li metal anode cycled with S 8/CNT (c1-c4) and S8/D-CNT (d1-d4).

Figure A1.8 The photographs of U-shape cell using S8/CNT (e) and S8/D-CNT (f) after discharge.
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Figure A1.9 (a) Current and voltage versus time for S8/D-CNT, which is first discharged to 2.09 V at C/20
and, subsequently, potentiostatically discharged at 2.06 V. (b) Potentiostatic test of CNT and D-CNT at 2.08
V. Curve fitting of potentiostatic test of CNT (c) and D-CNT (d) before the occurrence of peak current.

The derivation of the relationship of t m with c is as following:
Y = 1 – exp(-ct 3 )

(1)

In this equation, Y is the fraction of surface that has been deposited by Li2S, t= 0 indicates the time
point where current peak start. From Equation 1, we can arrive the following equation:
ⅆ2 Y
ⅆt2

= 3ct∙exp(-ct 3 )∙(2-3ct 3 )

(2)

When t = t m (the time point where the peak current occurs)
ⅆ2 Y
ⅆt2

= 3ct∙exp(-ct 3m )∙(2-3ct 3m ) = 0

We can obtain c=

2
3t3
m
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Figure A1.10 Avrami plots of CNT derived from Figure 3e

Figure A1.11 SEM images of D-CNT (a) and CNT (b) electrode after potentiostatic discharge.
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Table A1.2 The bonding length of C atom with Li or S atom for various CNT-Li2S4 interaction.

Name

of

structure

Configuration

Binding
energy (eV)

CNT7-7plane-Li2S4

-0.485

CNT9-5zigzag- Li2S4

-1.550

CNT9-5armchair-

-0.879

Li2S4

CNT9-5plane- Li2S4

-0.689

CNT12-0zigzag- Li2S4

-5.773

CNT12-0armchair-

-3.843

Li2S4

CNT12-0plane- Li2S4

-0.466
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Figure A1.12 The DoS of Li-1s of Li2S4 and various Li2S4-complexes (a) and S-2p of Li2S4 and various
Li2S4-complexes (b).

Figure A1.13 (a) Visual adsorption from photographs of Li2S6 on CNT and D-CNT with the same surface
area in DME solvent. STEM images and corresponding element mapping of CNT (b) and D-CNT (c) after
Li2S6-adsorbed D-CNT and CNT were rested for 24 h in DME.

133

Appendix 2
Supporting information for Chapter 5

Figure A2.1 The evolution of the resistances of an L-sulfur/CNTs||sulfur/CNTs symmetric cell (fresh cell)
with the concentration of the electrolyte.

Figure A2.2 Digital photographs of the static contact angles of different electrolytes with (a) the sulfur
electrode and (b) the separator.
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Figure A2.3 Nyquist plots of L-sulfur/CNTs||sulfur/CNTs symmetric cells with 0.25M LiTFSI (a), 0.5M
LiTFSI (b), 0.75M LiTFSI (c), and 1.0M LiTFSI (d) before cycling (fresh cell), and at cycle 10 and cycle 20.
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Figure A2.4 (a) SEM images of Li metal anode dissembled after final deposition process disassembled after
200 cycles in Li||Li symmetric cells with 0.25M LiTFSI (a), 0.5M LiTFSI (b), 0.75M LiTFSI (c), and 1.0M
LiTFSI (d). The scale bar in the SEM images is 10 µm.

Figure A2.5 The equivalent circuit used to fit to the Nyquist plots of the Li||Li symmetric cell before cycling
(fresh cell) and after different cycles.
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Figure A2.6 XPS depth profiling of Li metal after 100 cycles with 0.5M LiTFSI (left) and 1.0M LiTFSI (right) for N
and S elements: (a) N 1s, (b) S 2p.
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Figure A3.1 Li2S-HCS70 dried at 70 oC presents a complicated XRD pattern that is not attributable to Li 2S.
This indicates that Li2S and ethanol molecules form a crystal complex, from which the ethanol cannot be
removed at low temperature.

Figure A3.2 SEM image of the silicon nanoparticles.

Figure A3.3 EDX spectra of (a) Si@C and (b) HCS.
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Figure A3.4 XRD patterns of (a) Si@C and (b) HCS.

Figure A3.5 Raman spectra of HCS and HCS/CoS2.

Figure A3.6 High resolution N 1s XPS spectra of HCS and HCS/CoS2.
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Figure A3.7 TGA curves of HCS and HCS/CoS2.

Figure A3.8 Nitrogen absorption-desorption plots of HCS (a) and HCS/CoS2 (b).

Figure A3.9 SEM mapping of S, N, and Co elements for Li2S-HCS/CoS2.

140

Figure A3.10 SEM image (a) and HRTEM image (b) of Li2S-HCS.

Figure A3.11 Cyclic voltammograms of HCS/CoS2 and HCS in the initial cycle at scan rate of 0.05 mV s-1.

Figure A3.12 (a) The equivalent circuit applied for fitting the electrochemical impedance spectra. R s
represents the ohmic resistance, CPE represents the constant phase element, Rct represents the charge transfer
resistance and W represents the Warburg impedance. (b) Plot of Z’ vs. ω-1/2 in the range of low frequency
from 0.1 to 0.48 Hz (ω refers to frequency).
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Figure A3.13 (a) Charge-discharge curve for the initial two cycles and (b) the cycling performance of
HCS/CoS2 electrode. (c) Charge-discharge curves for the initial two cycles and (d) cycling performance for
HCS.

Figure A3.14 The initial three charge-discharge profiles of Li2S-HCS/CoS2.
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Figure A3.15 Charge-discharge curves of Li2S-HCS/CoS2 at different current densities.

Figure A3.16 Charge-discharge curves of (a) Li2S-HCS and (b) Li2S-Super P at different current densities.

Figure A3.17 Cycling stability of Li2S-HCS and Li2S-HCS/CoS2 at 0.5 C with the loading mass of 2 mg cm2.
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Figure A3.18 Self-discharge test of Li2S-HCS and Li2S-HCS/CoS2 at the loading mass of 3.2 mg cm-2.

Figure A3.19 Visualized adsorption from photographs of Li2S4 on HCS and pristine CoS2 with the same
surface area in DME solvent.

Figure A3.20 Cyclic voltammetry of Li2S-HCS/CoS2 and Li2S-HCS after 100 cycles (a), and of Li2SHCS/CoS2 in the initial 3 cycles (b).
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Figure A3.21 SEM images of (a) fresh electrode, (b) 20-cycle electrode, (c) 50-cycle electrode, and (d) 100cycle electrode of Li2S-Super P.

Figure A3.22 SEM images of yolk-shell Si@C (a) at low magnification and (b) at high magnification.

Figure A3.23 The initial three charge-discharge plots (a) and cycling performance (at 1 A g-1) (b) of Si@C
anode with Li metal as counter electrode.
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